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Abstract 
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Papaya and strawberry are notable for their rich nutrient contents and high antioxidant 
activities.  Though consuming these fruits on their own contribute to a healthy lifestyle, 
combinations of fruits, such as papaya and strawberry nectar blends, can result in an even greater 
synergistic impact on human health.  Availability of these fruits, however, is limited; both have 
extremely short shelf lives and tend to be seasonal fruits, resulting in over 50% of fruit not 
reaching consumers due to softening and molding during harvesting and shipping.  In addition, 
deleterious enzymes naturally present in fruits, such as pectin methylesterase (PME) in papaya 
and peroxidase (POD) in strawberry, can lead to reduced consumer acceptance if not reduced to 
low enough concentrations through processing.  To extend shelf lives and combat these 
deteriorative enzymes, traditional thermal processing is often employed.  This technique is able 
to sufficiently reduce enzyme activity; however, it results in undesirable nutrient and quality 
loss.  As a result, the impact of different novel thermal and non-thermal techniques, i.e., ultra 
high temperature (UHT), high pressure processing (HPP) and irradiation on papaya and 
strawberry nectars and their respective blends were explored.   
Traditional thermal processing resulted in the greatest reduction in ascorbic acid and 
carotenoid concentration, with moderate impact on antioxidant capacity.  UHT had moderate 
effects on ascorbic acid content and antioxidant capacity and resulted in the greatest retention in 
carotenoid concentration, with observed synergistic relationships for ascorbic acid and 
antioxidant capacity.  HPP had minimal impact on antioxidant capacity in strawberry nectar, but 
resulted in the greatest overall retention of ascorbic acid at 20
o
C.  Irradiation had moderate 
effects on ascorbic acid and carotenoid concentration, with the greatest overall increase in 
antioxidant capacity.  Both anergetic and additive relationships for ascorbic acid were observed 
in nectar blends after irradiation, with anergetic, additive, and synergistic relationships for 
 iii 
 
antioxidant capacity.  As treatment intensity increased, across all techniques, carotenoid 
concentration decreased followed by an observed increase in carotenoid concentration as well as 
an upward trend in antioxidant capacity due to nutrient release from the fruit matrix; this was 
explained by fruit structure softening and confirmed through TEM imaging of papaya and 
strawberry pulp structure.    
Traditional thermal and UHT processing were both able to sufficiently reduce PME 
activity and prevent gel formation in papaya nectar when processed at 110
o
C for 5 minutes and 
110
o
C for 1-3 seconds, respectively.   PME reduction in nectar blends was enhanced by anergetic 
relationships after UHT at 80
o
C.  Irradiation was unable to prevent gel formation in papaya 
nectar.  The 50P:50S blend processed at 10 kGy, however, was the only blend to show irradiative 
prevention of gel formation.  An increase in POD activity, coupled with synergistic relationships 
makes UHT undesirable for strawberry nectar.  HPP of strawberry nectar at elevated 
temperatures and pressures had similar reductions in POD activity as irradiation at 5 kGy.  
Anergetic relationships for POD activity in nectar blends after irradiation resulted in enhanced 
reduction in POD activity.  Processing strawberry for 2 minutes at all temperatures examined, 
resulted in similar, but slightly greater reductions in POD activity than either HPP or irradiation.   
Findings suggest that novel thermal and non-thermal techniques result in enhanced 
nutrient retention and antioxidant capacity in papaya and strawberry nectars compared to 
traditional thermal processing.  For both PME and POD, traditional thermal processing was most 
effective at inactivation, with UHT sufficiently reducing PME activity in papaya nectar and both 
HPP and irradiation reducing POD activity in strawberry nectar similarly to traditional thermal 
processing at low temperatures.  Blending of papaya and strawberry nectars mainly resulted in 
desirable synergistic nutrient retention and antioxidant capacity increase, and anergetic reduction 
in enzymatic activity. 
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Introduction 
 
 Many studies have reported that increased consumption of fruits rich in antioxidants may 
be associated with promotion of good vision, healthy growth and reproduction as well as reduced 
risk of chronic diseases such as certain types of cancer and diabetes (Kandaswami and Middleton 
1997; Ong and Choo 1997; Weisburger 1997; Pinto and others 2010).  Papaya and strawberry are 
notable for their high nutritional values and antioxidant capacities which can enhance human 
health (Wu and others 2004; Corral-Aguyao and others 2008; Joseph and others 2009).  Papaya 
ranks higher than any other fruit per serving in vitamin A, ascorbic acid, potassium and fiber 
(Liebman 1992).  Papaya contains approximately 1,080 mg/L of ascorbic acid, higher than 
strawberry, mango or orange (Lim and others 2007; Parker and others 2010), in addition to 
having a higher flavonoid content than all other Mauritian exotic fruits, except guava, examined 
by Luximon-Ramma and others (2003).  Strawberries have significant nutritional value due to 
their high concentrations of ascorbic acid, ellagic acid, and certain flavonoids, i.e., anthocyanin, 
catechin, quercetin and kaempferol (Hannum 2004).  Papaya and strawberries have great 
potential to benefit human health; unfortunately both have extremely short shelf lives and tend to 
be seasonal fruits.  This results in over 50% of papaya not reaching consumers due to quality loss 
during harvesting and shipping; additionally, significant amounts of strawberries are lost due to 
softening and molding during shipping (Moraga and others 2006).  To counteract these losses, 
fruits are typically thermally processed to extend their shelf lives; however, thermal processing 
results in significant nutrient loss, textural changes and production of off-flavors in these fruits 
(Fraeye and others 2009; Patras and others 2009).  Greater focus is now being placed on 
alternatives to traditional thermal processing, such as novel thermal and non-thermal techniques, 
including ultra high temperature (UHT), high pressure processing (HPP) and irradiation which 
may result in higher nutrient retention, extended shelf life and overall enhanced fruit quality 
(Patras and others 2009).  The impact of these thermal and non-thermal processes on papaya and 
strawberry nutrient and quality retention are examined in Chapter III.      
Nutrient value alone is not the only factor to consider when looking at papaya and 
strawberry quality retention.  Enzymes naturally present in the fruits can result in loss of 
consumer acceptance, lower nutrient retention and an overall decline in perceived quality.  If 
papaya is not sufficiently processed, pectin methylesterase (PME) can result in undesirable gel 
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formation, creating a product that is not well received by consumers (Fraeye and others 2009; 
Parker and others 2010).  Similarly, peroxidase (POD) activity in strawberries, if not sufficiently 
reduced, can result in nutrient loss, browning, off-flavor production, and reduced shelf life of the 
fruit (Burnette 1977; Cano and Hernandez 1997; Terefe and others 2009).  Traditional thermal 
processing has been proven effective at reducing these enzymatic activities, but due to the 
accompanying losses in nutrient content and product quality, this form of processing is not 
optimal.  Various novel thermal and non-thermal processes have been shown to reduce enzyme 
activity (Patras and others 2009).  The results outlined in Chapter IV will illustrate how thermal 
and non-thermal processes such as UHT, HPP and irradiation affect the enzyme activities of 
PME in papaya and POD in strawberries.   
 Though papaya and strawberry exhibit high nutrient value and antioxidant capacity on 
their own, some research suggests that a synergistic effect may occur when fruits are blended 
together (Slausan and Cooper 1990; Palozza and Krinsky 1992; Fuhrman and others 2000; Bates 
and others 2001; Pedrielli and Skibsted 2002; Meletis and Barker 2004; Cirico and Omaye 2006; 
Jacobs and others 2009; Hazewindus and others 2012).  Different flavonoids and phenolic 
compounds when combined seem to have a sheltering effect that occurs, resulting in increased 
nutrient retention (Hannum 2004).  To date, no research exists on the potential synergistic effects 
of papaya and strawberry blends.  Different papaya and strawberry blends are examined in 
Chapter V to determine if a synergistic relationship, in terms of nutrient content, antioxidant 
capacity and enzyme activity, exists after thermal and non-thermal processing.   
 
Overall Objectives   
 Determine how novel thermal and non-thermal processing strategies, i.e. UHT, HPP and 
irradiation, impact papaya and strawberry nectar nutrient content and antioxidant capacity 
compared to traditional thermal processing. 
 Examine how novel thermal and non-thermal processing techniques, i.e., UHT, HPP, and 
irradiation, affect key deteriorative enzymes such as PME in papaya and POD in 
strawberry compared to traditional thermal processing. 
 Explore the synergistic potential of papaya and strawberry nectar blends in terms of 
specific nutrients, antioxidants and enzymatic activities, upon novel thermal (UHT) and 
non-thermal (irradiation) processing. 
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Chapter I - Review of Literature 
 
1.1. Papaya  
 
1.1.1. Characteristics and Nutrient Content 
 Papaya (Carica papaya L.) is a tree-like, herbaceous crop and a member of the 
Caricaceae family (Morton 1987; Parker and others 2010).  It is commonly grown in tropical and 
subtropical countries.  The flesh of the papaya is often said to be melon-like ranging in color 
from yellow to red depending on the variety, with skin transitioning from a light to deep yellow 
color contingent on ripeness.  The flavor of papaya can be described as sweet and juicy, similar 
to that of cantaloupe, with a slight musky undertone.  
As papaya matures, it undergoes many changes including an obvious size increase, 
increase in total sugars, internal fruit and seed color change, and surface color change (Birth and 
others 1984).  Knowing the correct time to harvest papaya is crucial for overall consumer 
preference and nutritional value.  Stages include (1) immature green (<3% yellow) - will not 
ripen if picked; (2) mature green (3% yellow) - will ripen; (3) color turning (3-6% yellow) -
yellow streaks on blossom end; (4) 1/8 ripe; (5) 1/4 ripe; (6) half ripe; (7) 3/4 ripe.  This is 
illustrated in Figure 1.1; tree-ripened fruit is optimally harvested at no more than 80% yellow 
(Akamine and Goo 1971; Chan Jr and others 1987).  Even though there have been many 
investigations into the development of strategies for mechanically determining when a papaya is 
ready to be picked, the practice typically followed is that of harvesting when yellow is first 
visible (Morton 1987). 
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Fig. 1.1.  Stages of papaya ripening:  0% yellow (green), 40% yellow,  
80% yellow (optimal), and nearly 100% yellow, respectively.   
  
Properties of papaya depend on variety, growing conditions and stage of ripeness, but 
generally papaya puree is depicted as pseudoplastic, having a pH of 5.11 and a solids 
concentration of 10.2°Bx (Ahmed and Ramaswamy 2004).  One estimate of papaya composition 
is 89% moisture, 0.3% protein, 0.22% fat, 0.32% ash, 0.94% crude fiber, 1.96% starch with the 
remaining balance most likely being made up by 5-7% sugars.  A second estimate of papaya 
composition is 86.1% moisture, 0.68% protein, 0.11% fat, 0.44% ash, 0.08% starch, 7.58% sugar 
and 5.0% other components (Beyers and others 1979).  Both estimates are similar suggesting that 
papaya composition does not vary dramatically across different samples and varietals, however, 
overall nutrient value and level of enzymatic activity may significantly vary depending on stage 
of ripeness, varietal, growing conditions and growing location. 
 In terms of nutritional value, with specific focus on vitamin A, ascorbic acid, potassium 
and fiber, papaya ranks higher per serving than any other fruit (Liebman 1992).  Papaya contains 
approximately 1,080 mg/L ascorbic acid, higher than strawberry, mango or orange (Lim and 
others 2007; Parker and others 2010), in addition to having a higher flavonoid content than all 
other Mauritian exotic fruits, except guava (examined by Luximon-Ramma and others 2003).  
The carotenoid content of papaya changes depending on the particular variety examined.  Red-
fleshed papaya primarily contains lycopene, followed by β-carotene, β-cryptoxanthin, and other 
carotenes.  Yellow-fleshed papaya contains no lycopene, with β-cryptoxanthin being the 
dominant carotenoid (Yamamoto 1964).  Delivering this highly nutritious fruit to consumers is 
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challenging due to the fruit’s relatively short shelf life, seasonal nature and susceptibility to 
softening and bruising (Fig. 1.2) during shipping (Moraga and others 2006).   
 
 
Fig. 1.2.  Bruising of papaya due to softening during shipping. 
 
1.1.2. Enzymatic Mechanism and Activity of Pectin Methylesterase (PME) 
 Pectin methylesterase (PME, pectinesterase, EC 3.1.1.11), is an enzyme universal to 
plants and some bacteria that de-esterifies methyl groups on pectin molecules within the cell 
wall.  This, in turn, regulates properties of the cell wall, which corresponds to changes in the 
quality of the fruit (Pelloux and others 2007).  PME works in tandem with other cell wall-
degrading enzymes in papaya, but activity increases steadily until just after the climacteric 
respiratory maximum of the fruit (Paull and Chen 1983).  
 The action of PME follows the general mechanism of the hydrolase family of enzymes, 
characterized by cleavage of bonds to obtain a hydroxyl group.  PME specifically degrades 
pectin molecules to yield pectate and water, which is achieved by hydrolysis of the ester in the 
pectin molecule and the subsequent synthesis of a carboxyl group.  This mechanism occurs via a 
nucleophilic attack by an asparagine residue in PME on an ester, namely pectin; this is activated 
by another planar asparagine residue (Fries and others 2007). 
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Papaya PME has been tested under a variety of conditions to determine optimal 
parameters for enzymatic activity.  These optimal conditions include pH 7.5-8, 0.20 M to 0.25 M 
NaCl, and a temperature of 60°C (Chang and others 1965; Lourenco and Catutani 1984; Fayyaz 
and others 1995).  This esterase is also competitively inhibited by polygalacturonic acid, with a 
Ki between 0.019 and 0.07 mg/ml depending on the variety of the fruit (Lourenco and Catutani 
1984; Fayyaz and others 1995).  PME is also inhibited by several types of sugars, including 
sucrose, glucose, corn syrup and glycerol (Chang and others 1965). 
PME activity during fruit development is still unclear, as conflicting studies have shown 
that activity may increase, decrease, or remain constant throughout ripening (Lazan and others 
1995; Pinto and others 2010).  For example, it was observed that increasing PME activity 
introduced a subsequent increase in pectin solubility, which was consistent throughout papaya 
ripening (Lazan and others 1995); whereas another study noticed a prevalent decrease in 
polyphenol oxidase (PPO), POD, PME, and polygalacturonase (PG) activity during the ripening 
of melons (Chisari and others 2009). 
Regardless, PME facilitates changes in the physiology of the fruit as a result of its 
characteristic de-esterification mechanism.  These physiological changes include softening and a 
decrease in pigmentation, which are both characteristic of many ripening fruits.  Throughout 
ripening, the greatest PG activity is found in the inner mesocarp whereas greatest β-galactosidase 
and PME activity are found in the outer mesocarp; additionally, the outer mesocarp softens at a 
much slower rate than the inner mesocarp (Lazan and others 1995).  PME activity is associated 
with formation of pectin gels arising via the binding of Ca
2+
 ions with pectate chains (Rees 
1982).  This gel formation is the primary consequence of PME activity, leading to loss of 
consumer acceptance if not inactivated during processing of the fruit.  The acidity of the fruit’s 
pulp increases with ripening, as expected from the subsequent increase of pectate, which is also 
known as polygalacturonic acid (Pinto and others 2010). As papaya fruit ripens, the enzymatic 
activities that lead to gel formation also cause significant decreases in sweetness, flavor, and 
aroma characteristics; further supporting the desire to regulate these enzymes via processing 
(Boland and others 2006).  
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1.2.    Strawberry 
 
1.2.1. Characteristics and Nutrient Content 
 According to the Agriculturral Marketing Resource Center at Iowa State University, 
strawberries “were the number one ranked U.S. fruit in terms of value of utilized production” in 
2010 (2012) as well as being the fourth highest consumed fruit in the world in 1999, with 
strawberry’s popularity continually growing (Crop Profile 1999).  California is the largest 
strawberry producer in the US accounting for over 80% of US production and 20% of the 
World’s strawberries.  Florida closely follows and is the second largest producer of strawberries 
in the US.  The US leads in strawberry production by over a million tons compared to the next 
highest producer, Turkey (FAO UN 2012).  A majority of the strawberry crop, nearly 73%, is 
sent to market for consumption with the remaining 27% being processed (Crop Profile 1999).  
Even with an abundance of fresh strawberries, an extremely short shelf life coupled with 
seasonality results in strawberries softening or molding (Fig. 1.3) before consumers can take 
advantage of this highly nutritious fruit (Moraga and others 2006).   
 
 
Fig. 1.3. Quality loss in strawberry due to softening  
and molding during harvesting and shipping.  
 
 Strawberries contain high concentrations of ascorbic acid, ellagic acid, certain flavonoids, 
i.e., anthocyanin, catechin, quercetin and kaempferol (Hannum 2004).  Flavonoids are potent 
antioxidants based on their ability to scavenge hydroxyl and peroxyl radicals, which explains the 
 - 8 - 
 
high antioxidant capacity of strawberries (Hannum 2004; Wu and others 2004; Joseph and others 
2009).  To combat short shelf life and seasonality, strawberries are often processed.  This 
processing is traditionally of a thermal nature, resulting in significant texture and nutrient loss 
(Fraeye and others 2009; Patras and others 2009).   
 
1.2.2. Enzymatic Mechanism and Activity of Peroxidase (POD)  
 Peroxidases (POD, EC 1.11.1.7) play an important enzymatic function in all living 
organisms, and the oxidoreductase activity is conserved across all species.  POD embody a 
variety of functions depending on their classification (Singh and others 2012).  The peroxidase 
family of enzymes is classified under the larger family oxidoreductases, but POD are first 
classified according to the presence of a heme group or flavoprotein group.  Most heme-
containing enzymes also feature the prosthetic group protophorphyrin IX (Robinson 1991).  
Heme-containing enzymes are further broken down into either animal or non-animal POD.  Non-
animal POD are categorized into one of three classes:  Class I containing intracellular 
prokaryotic and eukaryotic POD, Class II containing secretory fungal POD, and Class III 
containing secretory plant POD (Vámos-Vigázó and Haard 1981; Singh and others 2012). 
 POD can utilize a variety of substrates and hydrogen donors as part of their mechanism, 
although the most common species is hydrogen peroxide (Grambow and Langenbeck-Schwich 
1983).  The general formula for peroxidative reactions is as follows: 
   
ROOH + AH2 → H2O + ROH + A
.
 
 
In this mechanism, the AH2 represents the donor substrate and is immediately oxidized to 
produce a free radical of species A
.
.  This free radical can combine with other radicals to form 
polymers, especially in the presence of high concentrations of substrate.  Within the formula 
outlined above the known mechanism of POD is highlighted below: 
 
POD-Fe(V) → O  + e-  + H+ → POD-Fe(IV)—OH 
POD-Fe(IV)—OH + e- + H+ → POD-Fe(III)—H2O 
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Compound I, a product of the first reaction, is converted back to the native form of the 
enzyme via an electron reduction to form the intermediate seen as a product in the first reaction 
and a reactant in the second reaction (Robinson 1991).  POD have also been known to exhibit 
oxidative, catalytic, and hydroxylation reactions, possibly as a result of the generation of free 
radicals due to their peroxidative activity (Vámos-Vigázó and Haard 1981; Robinson 1991).  The 
oxidative mechanism is shown below (Robinson 1991): 
 
POD + H2O2 → Compound I 
Compound I + Dihydroxyfumarate (DHF) → DHF. + Compound II 
Compound II + DHF → DHF. + Native POD 
 
One example of this oxidative mechanism is the degradation of indole-3-acetic acid into 
indol-3-methanol in the presence of phenolic compounds and 3-hydroxymethyloxindole without 
phenols (Grambow and Langenbeck-Schwich 1983).  The concentration of phenols in 
strawberries increases with ripening, serving as a substrate for increased POD activity (Cheng 
and Breen 1991; Robinson 1991).  Due to the wide variety of functions carried out by POD, 
neither a single mechanism nor unique and exclusive substrate or product can be isolated.  
Additionally, various inhibitors have also been identified in both prokaryotes and eukaryotes 
(Singh and others 2012). 
 Paralleling the diversity of multiple functions across species, POD are present as 
isoenzymes in individual plants.  These isoenzymes display different characteristics from each 
other, yet will often exhibit similar trends in enzymatic activity when exposed to varying degrees 
of pH or heat (Civello and others 1995).  Strawberry isoenzymes retain half of their activity in 
the 4-11 pH range, with 90% of activity occurring in the 6-7.5 pH range.  Gel electrophoresis 
reveals that isoenzymes in strawberries have isoelectric points of 9.5 to 10.  These isoenzymes 
are considered to exhibit great thermal stability.  Furthermore, most isoenzymes present in 
strawberries are localized to the cell membrane.  This localization could be a function of the 
isoenzymes, using pH and isoelectric point to accumulate in different areas of the cell (Civello 
and others 1995; Haard 1977). 
 In addition to specific isoenzymes, more diversity is achieved through the interaction of 
POD with polyphenol oxidase (PPO), another enzyme found in strawberries.  Studies indicated 
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that the function of both enzymes together causes strawberry fruit to brown during ripening 
(Lόpez-Serrano and Ros Barcelό 2001).  This symbiotic action is a result of the dependence of 
each enzyme on the products and reactants of the other; POD uses hydrogen peroxide generated 
by oxidases, and POD can also oxidize intermediates found in the oxidase pathway (Lόpez-
Serrano and Ros Barcelό 2001; Chisari and others 2007).  
 The symbiotic relationship between these two enzymes is further illustrated by 
localization patterns of the aforementioned enzymes in strawberries.  Although browning of 
strawberries is uniform over the entire fruit during ripening, POD activity exhibits a clear 
decrease throughout ripening, and expression of the enzyme being localized within the vascular 
bundles of the fruit (Civello and others 1995; Lόpez-Serrano and Ros Barcelό 2001).  These 
observations, along with the complementary localization of PPO to the main cortex of the fruit, 
add further support to the necessity of both enzymes in strawberry ripening.  Additionally, 
strawberry cultivars with a lower base level of POD exhibit less anthocyanin degradation 
throughout ripening (Lόpez-Serrano and Ros Barcelό 2001). 
 The specific localization of POD to the vascular bundles of strawberries indicates another 
function of the enzyme: lignin production (Lόpez-Serrano and Ros Barcelό 1995, 2001).  More 
specifically, POD serves a regulatory function in the lignification of strawberries through the 
combination of 4-hydroxyphenylpropanoids to produce lignin.  As a result, as POD activity 
decreases during the life of the strawberry, so does the production of lignin (Vanholme and 
others 2010).  
 POD activity in strawberries affects fruit by producing off-flavors as well as causing loss 
of texture and color throughout ripening (Robinson 1991; Fu and Labuza 1993; Smith and Cash 
1997).  Generally, the tangible results attributed to POD activity are enhanced by the activity of 
PPO, also discussed above, since the two enzymes work in tandem on similar oxidative reactions 
(Robinson 1991).  The browning and development of off-flavors has been directly attributed to 
both POD and PPO activity (Robinson 1991; Fu and Labuza 1993).  Additionally, POD’s ability 
to hydrolyze phenolic compounds is responsible for its role in metabolism of hormones, which 
affects the signaling and development associated with the ripening process (Haard 1977).  
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1.3. Oxidation 
 
1.3.1. Oxidation Defined and Function 
 In its simplest form, oxidation is the utilization of potential energy (Seis 1997).  In 
humans, the typical oxidative process entails molecules combining with oxygen releasing energy 
in the form of heat.  This process is universal among all animals and plant species, taking 
advantage of energy stored in carbohydrates, lipids, proteins and other nutrients.  Though this 
release of energy is vital to the survival of living organisms, the oxidative reaction is destructive, 
producing reactive oxygen species (ROS) as byproducts.  These reactive species can negatively 
interact with nearby cells instead of providing constructive energy.  When a biological system is 
unable to supply sufficient defensive measures against ROS or repair the damage they cause, a 
phenomenon known as “oxidative stress” results.  If oxidative stress is not controlled in the 
human body this can accelerate the aging process as well as encourage the onset of chronic 
diseases such as cancer (Harman 1956; Valko and others 2007). 
To combat oxidative stress the body has systems in place, such as the mitochondrial 
electron transport chain to remove electrons and reactive oxygen, thereby reducing immediate 
cellular harm (Liu and others 2002).  The electron transport chain, however, is not entirely 
efficient; this could result in production of similarly reactive intermediate oxygen species.  These 
intermediate species are especially damaging to both DNA and tissues.  To supplement the 
electron transport chain and its preventative effects, the body employs antioxidants.  Sources of 
antioxidants can take on many forms, from enzymes naturally produced in the body to 
consumption of foods such as fruits and vegetables that contain high levels of antioxidants which 
can readily be used by the body.  Consumption of too many antioxidants can also lead to the 
inability of the body to oxidize ingested nutrients to produce energy, emphasizing the delicate 
balance which must be maintained in controlling oxidative stress (Imao and others 1998; Zhou 
and others 2011).         
 
1.3.2. Oxidative Mechanism 
 While oxidation can be deleterious within the human body, it also occurs in foods before 
consumption.  Over time, oxygen can react with unsaturated fatty acids in foods in a process 
known as “oxidative rancidification” (Ho 1992).  Oxidative rancidity within foods can 
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undesirably alter color, flavor, and nutrient content.  Consumption of rancid foods may 
encourage damage to DNA, protein, and lipid substrates within the body (Halliwell and Cross 
1994).  The process of oxidation, in most relevant forms, is carried out over the course of three 
stages (Frankel 1980).  The first stage, initiation, is the production of the initial free radical 
which is typically induced by direct thermal dissociation (thermolysis), hyperoxide 
decomposition, metal catalysis, or exposure to light (photolysis).  Next, propagation of 
molecules, or the formation of an extremely reactive intermediate peroxyl oxygen species, a 
hyperoxide, occurs.  The reactive intermediates affect localized organic substrates that are able to 
utilize spare hydrogen atoms to accept the hyperoxides.  Finally, the reactive species terminate 
the chain reaction by reacting with one another.  ROS may also react with antioxidants, which is 
less common.  The general reaction mechanism for oxidation is illustrated below (Fig. 1.4). 
 
 
Fig. 1.4.  General stages of oxidative mechanism for compound RH. 
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1.4.    Antioxidant Capacity 
 
1.4.1. Antioxidants Defined and Function 
 Antioxidants may be loosely considered as any compounds which reduce oxidation of 
organic molecules, thereby reducing the subsequent formation of a free radical or sequestering a 
free radical that has already formed.  The reaction of reactive oxygen species (ROS) with 
antioxidants within the body may also result in the termination of the free radical chain reaction.  
Antioxidants in large amounts, however, may potentially have pro-oxidant effects, and should 
therefore not exceed certain levels within food or the human body (Devasagayam and others 
2004).  The established limit of addition of antioxidants to food products is no more than 0.02% 
of the weight of lipid.   
 Antioxidants alleviate oxidative stress in three distinct ways (Kunwar and Priyadarsini 
2011).  Preventative antioxidants keep the formation of reactive species to a minimum, meaning 
that stage one, initiation, of the free radical chain reaction is more difficult to accomplish.  
Preventative antioxidants are readily available in food including ascorbic acid (vitamin C), citric 
acid and phosphates.  Ethylenediaminetetraacetic acid (EDTA) is often added to foods to chelate 
metals, preventing initiation and formation of free radicals.  Some of these antioxidants function 
by raising the activation energy of ROS via chelation, or the surrounding of a volatile compound 
with less-active molecules to render it less reactive.  Intercepting antioxidants stop the chain 
reaction of ROS after it has already begun.  Examples of intercepting antioxidants in food 
include vitamin E, folate, and cinnamic acid.  Butylated hydroxytoluene (BHT) and butylated 
hydroxyanisole (BHA) often serve as synthetic commercial antioxidant additives in foods to 
slow oxidation.  One of the main carotenoids found in papaya, β-carotene can act as both a 
preventative and intercepting antioxidant due to its unique chemical structure (Sies and Stahl 
1995).  The last antioxidant category involves modifying the physical environment in which the 
oxidative reaction is taking place.  This includes maintaining low temperatures, reduction of 
extrinsic light, removal of surrounding oxygen, and other environmental adaptations.  In the 
human body, some antioxidants can also repair damaged tissue that has already been targeted by 
free radicals (Kunwar and Priyadarsini 2011).  A synergistic regeneration of antioxidants can 
occur when certain combinations of molecules exist, most notably vitamin C and vitamin E as 
well as flavonoids and α-tocopheroxyl (Pedrielli and Skibsted 2002).   
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1.4.2. Oxidation and the Role of Antioxidants in the Human Body 
The abundance of diatomic oxygen within the body allows for widespread and 
destructive oxidation reactions to occur.  The energy yielded from these reactions destabilizes 
existing oxygen and nitrogen compounds within the body, transforming them into reactive 
oxygen and nitrogen compounds in possession of a free radical, or an extra electron.  The free 
radicals within these compounds often react with lipids, DNA, and protein (Halliwell and Cross 
1994; Dean and others 1997; Shahidi 1997).  Destruction of cellular tissues occurs after 
prolonged oxidative stress from the bombardment of free radicals.  This tissue damage can result 
in cardiovascular disease, cancer, and neurodegenerative effects (Gutteridge and Halliwell 2000).  
Free radicals are naturally generated during bodily processes, in the human eye and during 
digestion (Halliwell and Gutteridge 1984).  The lens and retina of the human eye are production 
sites for singlet oxygen, a damaging oxygen species, which may lead to the development of 
cataracts.  Additionally, cells participating in phagocytosis produce superoxides, which can 
directly interact with susceptible tissue membranes in multiple areas of the body.  The opposing 
effects of antioxidants can not completely prevent these internal processes from happening, but 
rather reduce the harmful effects of their byproducts.  Pollution and other external agents may 
also initiate the production of free radicals within the body, particularly in the lung and upper 
gastrointestinal tract tissues (Kelly 2003).  Ozone, an insoluble reactive oxygen species (ROS), 
initiates a cascading chain of intermediate species production and is the cause of intensive free 
radical-derived lung and arterial damage.  Nitrogen dioxide is present in car exhaust fumes and 
negatively interacts with the mucosal membranes of the lungs, resulting in inflammation and 
contributing to respiratory failure.   
 To counteract both the internal and external initiation of free radicals, antioxidants are 
utilized from bodily creation and their stores are supplemented by consumption of foods (Kelly 
2003). Biochemically defined, an antioxidant is “a synthetic or natural substance…to prevent or 
delay the deterioration of susceptible molecules by action of oxygen species” (Huang and others 
2005).  The body utilizes antioxidants in the form of two endogenous defense systems (Sies 
1993).  Enzymatic defense systems take advantage of bodily enzymes that bond with radical 
oxygen compounds and transport them to less-easily oxidized areas of the body and also function 
to regenerate antioxidant species.  The role of non-enzymatic systems is to intercept damaging 
species before they do further harm.  Ideally, non-enzymatic antioxidants react with water-
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soluble compounds to regenerate themselves after they have disabled ROS.  Due to this 
regenerative nature, certain phenols, antioxidants found in many fruits, need only to be present at 
a ratio as low as 3:1000 antioxidant:oxidant species to be effective antioxidants in the human 
body.  Many studies have reported that increased consumption of fruits containing high levels of 
antioxidant compounds could be associated with reduced risk of hypertension, type 2 diabetes, 
age-related neurodegenerative diseases, metabolic syndrome and chronic diseases such as certain 
types of cancer (Hannum 2004; Pinto and others 2010).  These health benefits are attributed to 
the potential ability of the bioactive compounds naturally present in the fruit to reduce, 
counteract, or repair damage resulting from oxidative stress and inflammation (Pinto and others 
2010).  Flavonoids and other phytochemicals are potent antioxidants based on their ability to 
scavenge and sequester hydroxyl radicals, peroxyl radicals as well as other free radicals in vitro, 
thus helping to enhance human health (Hannum 2004).  This emphasizes the need for 
consumption of antioxidant dense foods, especially fruits, including papaya and strawberry.    
 
1.4.3. Antioxidant Profiles of Papaya and Strawberry 
 In addition to endogenous creation, food intake is the primary source of antioxidants for 
humans (Chun and others 2007).  Antioxidants are derived from trace chemicals present in foods 
and are utilized in conjunction with the body’s endogenous defense system.  In particular, diets 
rich in fruits have consistently been associated with a low incidence of many types of cancer 
(Doll 1996).  Fruits contain cancer-preventing compounds, including the common nutritive 
antioxidants vitamin E, vitamin C and β-carotene (Peto and others 1981).  Vitamin E, alpha 
tocopherol, is an interceptive antioxidant (Sies and Stahl 1995) whose chromanol nucleus’ 
hydroxyl group enables it to interact with oxygen radicals (Serbinova and Packer 1994), while 
vitamin C is a scavenging antioxidant, preventing the initiation of the free radical reaction chain.  
β-carotene may both “quench” and block or inhibit initiation.  Specifically, fruits such as papaya 
and strawberry exhibit relatively high concentrations of these health-promoting antioxidants 
(Corral-Aguyao and others 2008).   
 Papaya has an expansive profile of antioxidant constituents, all with varying functional 
activities.  The fruit’s pulp is an excellent source of β-carotene and ascorbic acid (Krishna and 
others 2008).  It is one of two fruits containing ascorbic acid concentrations of over 1,000 mg/L 
(Lim and others 2007).  This significant prevalence of antioxidants makes papaya a potent 
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radical scavenger, second only to guava in terms of Mauritian exotic fruit antioxidant chain-
breaking potential (Lim and others 2007).  During different stages of ripeness, papayas have 
different antioxidant capacities (Mahattanatawee and others 2006).  Ripe papaya has 
significantly more available antioxidants than green papaya, mainly due to a higher 
concentration of phenolic compounds in the mature fruit.  However, not all papayas are created 
equal, in terms of antioxidants (Blas and others 2010).  Different skin pigmentations naturally 
present in various genotypes of the fruit are the result of buildup of various antioxidant 
compounds within the fruit’s flesh.  Yellow-fleshed papaya results from a large amount of β-
carotenoids within the outer layer of the plant skin, whereas red-fleshed fruit is due to the 
presence of lycopene.  This red-fleshed papaya softens faster, leading to a shorter shelf life.  
Papaya is also a major source of choline and vitamin E, as well as catechins within the peel of 
the fruit (Berger 2005; Yoshikawa and others 2006; Krishna and others 2008).  This suite of 
antioxidative components found in papaya may aid in both prevention and treatment of organ 
failure, age-related diseases, and some cancers (Berger 2005).  Notably, the storage temperature 
and cutting shape of papaya may influence the shelf life and quantity of antioxidants within the 
fruit significantly (Riviera-Lόpez and others 2005). 
 The ubiquitous strawberry also plays host to a bevy of beneficial antioxidants.  Typical 
antioxidants such as vitamin C, vitamin E, and β-carotene are not necessarily responsible for the 
majority of antioxidant activity in strawberry (Rekika and others 2005), but instead phenolic 
compounds account for a large portion of strawberry’s antioxidant properties.  Unfortunately, 
these phenolic compounds are highest in the small, and often unpalatable, immature stages of 
berry development (Wang and Lin 2000).  Ellagic acid and flavonoids such as anthocyanin, 
proanthocyanins, catechin, and isocatechin are the primary compounds with antioxidant 
properties within the fruit (Rekika and others 2005).  Compared to aggregate fruits that grow in 
similar biomes (i.e., blackberries and raspberries), strawberries have generally lower values of 
antioxidant capacity, especially in their mature stages of ripeness (Wang and Lin 2000).  
Additionally, they have lower values of anthocyanin and total phenolic content on a wet weight 
basis of ripe fruit.  Strawberries, however, have the highest antioxidant capacity on a dry fruit 
weight basis.  Strawberries are notably rich in ascorbic acid, generally considered one of the 
weaker antioxidants.  Strawberries also have significant variation in total antioxidants with 
varying genotypes (Rekika and others 2005).  Due to the high ratio of edible fruit to total mass, 
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strawberries rank highest in antioxidant activity on the basis of edible fruit weight (Wang and 
others 1996).  Storage of strawberry at low temperature (10°C or lower) leads to degradation of 
the overall quality index (Ayala-Zavala and others 2004); the overall quality index is a metric 
that takes into account fungal decay of the fruit, total oxidative content, color, and phenol 
content.  The phenolic content of strawberries increases over time during ripening; higher storage 
temperatures contribute to a more dramatic increase. 
 
1.4.4. Antioxidant Capacity - Oxygen Radical Absorbance Capacity (ORAC) 
 The Oxygen Radical Absorbance Capacity (ORAC) assay represents one of many 
antioxidant capacity assays discussed in the literature; it was first described by Cao and others 
(1993) and modified by Parker and others (2010).  The assay uses AAPH (2,2’-Azobis (2-
amidinopropane) bihydrochloride) as the free radical generator, fluorescein as the fluorescent 
reaction indicator, and Trolox (a water-soluble vitamin E analog) as the antioxidant standard.  
The primary mechanism of the ORAC assay involves hydrogen transfer, which has the most 
relevance to human biology (Huang and others 2005).  When comparing ORAC to other 
antioxidant capacity assays, it is the most time intensive, but this is made up for by being highly 
specific, responding primarily to antioxidants without many interfering agents, resulting in a 
comprehensive determination of total antioxidant capacity (Cao and Prior 1998).  Examining 
other antioxidant capacity determination methods, the Trolox-Equivalent Antioxidant Capacity 
(TEAC) assay is affected by dilution and uses inhibition percentage at a fixed time, and therefore 
does not consider the length of inhibition time in the quantitation. The ferric reducing antioxidant 
power (FRAP) assay is inexpensive and simple, but SH-group-containing antioxidants do not 
react and are thus not accounted for in the result.  Additionally, ascorbic acid is often considered 
to contribute to antioxidant capacity, but ascorbic acid’s role in the antioxidant capacity of 
papaya appears to depend on the assay utilized.  Ascorbic acid was poorly correlated with the 
antioxidant potential of papaya in the TEAC and FRAP assays (Luximon-Ramma and others 
2003).  Based on ORAC’s ability to determine total antioxidant capacity including that of 
ascorbic acid, and the fact that ORAC considers inhibition time, this assay was chosen to 
examine the antioxidant capacity of papaya and strawberry. 
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1.5.    Fruit Processing  
 
1.5.1. Traditional Thermal Processing 
 Thermal processing aids in reducing microorganisms to safe levels in foods while also 
acting to preserve certain food quality indices such as texture, color, flavor, and nutrient content 
(Dewanto and others 2002; Peng and Jiang 2004).  A variety of thermal processing methods have 
been proposed and tested, including blanching, steam treatment, and treatment with hot air 
(Stanley and others 1995; Lurie and others 1997; Peng and Jiang 2004).  To achieve an adequate 
thermal process, a specific temperature and time combination must be met, depending on the 
type of food being processed.  Prolonged heating can cause subsequent thermal damage to the 
food resulting in an overall decrease in quality and consumer satisfaction (Anthon and Barrett 
2006).  
 At the cellular level, thermal processing can induce various changes in foods depending 
on the length of treatment and the temperature utilized.  Toward the lower end of the spectrum, 
blanching at temperatures between 40-50
o
C is considered a mild treatment and serves to 
strengthen the cell membrane by making it more fluid, increasing turgor pressure (Lurie and 
others 1997).  However, as food is steadily heated, the turgor pressure within the cell increases to 
a point at which the cell membrane bursts, resulting in irreversible changes to cell structure 
(Anthon and Barrett 2006).  These irreversible changes are caused by the loss of turgor pressure 
due to fluid escaping the ruptured membrane (Greve and others 1994).  Turgor pressure is the 
mechanism responsible for plant cell rigidity, as it represents the osmotic flow of water from the 
extracellular area of low solute to an area of higher concentration inside the cell (Rojas and 
others 2001).  Greve and others (1994) suggested a biphasic progression in the loss of turgor in 
which firmness of carrots initially decreased rapidly with thermal processing up until a 
"breakpoint" at which the plasma membrane became irreversibly disrupted, completely 
eliminating the turgor pressure in the cells.  Breaking down the membrane causes cells to lose 
their rigidity which results in textural changes commonly known as plant tissue softening 
(Stanley and others 1995; Lurie and others 1997; Rojas and others 2001; Llano and others 2003).  
 A study examining tissue softening of kiwi fruit found that tissue elasticity and relaxation 
forces in the fruit decreased with increasing heat application, coinciding with the loss of turgor 
described in other studies (Llano and others 2003).  However, there are some benefits to 
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increasing fluidity of the cellular membrane.  In one study, tomatoes were found to better 
withstand chill injury by first being treated with hot air or hot water dips, at temperatures 
between 38-50
o
C (Lurie and others 1997).  Tomatoes subjected to this treatment were more 
stable after chilling at 4
o
C, and their cellular membranes contained a lower sterol to phospholipid 
ratio, which indicates increased membrane fluidity. 
 In addition to structural changes, thermal processing can also induce changes to fruit 
color, though these changes are sometimes complimented by the fruits natural maturation 
process.  For example, carotenoids, one of the major components responsible for papaya's 
characteristic orange color, naturally decrease during maturation, following first-order kinetics 
using the Arrhenius model.  Additionally, the rate constant k indicating carotenoid degradation 
increases linearly with respect to increasing temperature (Ahmed and others 2002).  It is thus 
essential to determine the optimal time and temperature combination to ensure adequate 
microbial elimination while minimizing quality loss of fruit.  To ensure safety and quality, the 
food industry has promoted the development of several processing techniques to combat spoilage 
and deterioration of fresh fruit nectars (Bates and others 2001).   
 Unprocessed nectars have a notably short shelf life ranging from a few hours to days 
(Bates and others 2001; Beteseb and others 2001).  Proper application of preservation techniques 
results in nectars with improved color and increased economic value which benefit both the 
producer and consumer (Zhao and others 2013).  Shelf life of these unprocessed nectars is 
traditionally extended through low-temperature holding, which slows microbial spoilage, but is 
not effective at eliminating pathogenic microbes such as Salmonella spp. and Clostridium 
botulinum.  When producing a shelf stable commercial product, such as a papaya and strawberry 
nectar beverage, which requires canning or bottling, it is critical to monitor pH. Maintaining 
proper PH helps to prevent pathogenic microorganism growth as well as requiring less overall 
processing to produce a safe product.  Clostridium botulinum, a gram positive, spore-forming, 
anaerobic, exotoxin producing pathogen is of concern if processing conditions are not sufficient, 
or if pH is not kept below 4.6 (Townsend and others 1954; Sapers and others 1978; Preventing 
Foodborne Illness 2011).  Products with a pH of greater than 4.6 require additional processing, 
resulting in potentially greater nutrient loss, to produce a safe product.  This results in producers 
needing to modify the pH of their products which in turn can influence the overall flavor profile 
(Bates and others 2001; Beteseb and others 2001).  Holding temperatures near the freezing point 
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can extend the shelf life of some nectars for up to a month, but increasing the temperature by just 
10°C, effectively halves the shelf life (Bates and others 2001).  This is crucial when trying to 
develop a shelf stable product which is stored at room temperature.  Airtight packaging 
combined with refrigeration prohibits the producer from giving the product the commercial label 
of “fresh”.  Freezing halts Maillard browning, but storing large volumes is costly.  During 
freezing, the product can encounter slow loss of ascorbic acid, color changes, flavor changes, 
viscosity changes and continued deterioration due to enzyme activity.  The closer to thawing 
temperature, the faster these deteriorative reactions occur.  Alternatively, thermal processing can 
inactivate enzymes and can eliminate the need for refrigeration, but can change the overall 
character of the nectar.  Many tropical types of nectar cannot withstand pasteurization, over-
heating, or prolonged high-temperature storage, thereby reducing the number of processing 
techniques which are available and suitable to process these nectars.   
 To further discourage growth of pathogenic microbes, inhospitable regimes of both pH 
and temperature may be applied to the fruit.  Since fruits have a naturally acidic pH, one that is 
detrimental to harmful microbial growth, they readily permit further pasteurization (Bates and 
others 2001).  Contrary to most fruits however, papaya typically embodies a pH of around 5.11, 
which makes it susceptible to pathogenic growth (Ahmed and Ramaswamy 2004).  
Pasteurization implies the use of temperatures near 100°C to destroy spoilage organisms.  
Heating whole fruit for one minute at 80°C destroys surface contaminants, but does not affect the 
underlying fruit and its corresponding nutritional value.  Pasteurization is most effective in an 
oxygen-free environment.  Fill canning, the process of filling containers with hot (70-80°C) 
nectar, utilizes this minimal oxygen environment.  The filled containers are sealed and processed 
at 100-105°C for up to ten minutes and immediately cooled.  Rapid heating and cooling is 
attained through mixing of the fluid within the can (convection) or via conduction through the 
surface of the can.  A more radical form of canning, known as hot fill, is a method in which cans 
are filled with hotter, better sterilizing, nectar (95°C).  The filled cans are pasteurized by their 
internal mixing and movement, but scorching of the product can be a major source of quality 
loss.  Aseptic processing heats the fruit, holds the fruit during heating, then allows the fruit to 
cool in a closed internal system before emptying into a sterile container. This process may be 
utilized for all sizes of production, not just individual cans, but has high manufacturing costs. 
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 Papaya has its nutritive, enzymatic, and structural profiles altered by thermal processing.  
In papaya fruit purees, rigorous boiling leads to a decrease in carotenoid content as well as 
discoloration of the product (Ahmed and others 2002).  Change in visual color of papaya is a 
direct manifestation of change in carotenoid content; however, heating degrades physical color at 
a greater rate than overall carotenoid loss.  In contrast, fruits treated for less than five minutes in 
hot water showed a higher yellowness index with the potential of improved fruit color during 
storage (Zhao and others 2013).  Though significant loss of firmness after prolonged boiling took 
place, hot water treatment maintained fruit firmness longer than the untreated fruits during 
storage.  Polygalacturonase (PG) activity, which degrades the cell wall and promotes softness, is 
lowered in hot water-treated papaya.  The hot water bath stimulates inhibitors of PG, resulting in 
decreased PME activity which causes delayed flesh softening and ripening.  Blanching directly 
before canning papaya caused an initial loss of carotenoid content, but inactivated the oxidative 
enzymes that would have encouraged greater loss over time (Dutta and others 2005).  Heat-
induced drying of papaya seeds alone increased PPO activity (Afolabi and others 2011).  
Thermal processing of papaya fruit at high temperatures is noticeably detrimental to its flavor 
(Vega-Gálvez and others 2008).  When dried at temperatures as low as 45°C, papaya desorbs up 
to 80% of its water, allowing the cellulosic cell wall to be easily scorched, strongly affecting 
flavor.  Since sugars comprise upwards of 5% of papaya’s mass by weight, browning reactions 
occur quite readily in thermally processed fruit, leading to a scorched flavor (Humpf and Voss 
2004; Vega-Gálvez and others 2008).  When it comes to processing papaya, production of this 
scorched flavor makes thermal processing undesirable.   
 The effects of thermal processing on strawberries can appreciably alter their nutrient and 
enzymatic character.  Typically, diced and blended strawberries are boiled until a certain 
temperature is reached, passed into vacuum bags and frozen until needed.  The radical 
scavenging potential of unprocessed strawberries is more than 33% greater than their thermally 
treated, pureed counterparts (Patras and others 2009).  Phenolic compounds within the fruit 
appear relatively resistant to thermal processing, as no significant differences in total phenolic 
content was detected between the treated and untreated samples.  Anthocyanin content decreased 
by 27.9% due to processing, which could be attributed to small amounts of oxidase enzymes 
present before and after processing.  Ascorbic acid content decreased in thermally processed 
samples by 22.6%, representing the harshness of this particular method compared to other, non-
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thermal processing techniques. The total loss of radical scavenging ability can be generally 
attributed to this decrease in anthocyanin and ascorbic acid content.  Thermal treatments 
significantly decreased “redness,” (Hunter a* parameter) of strawberry as compared to the 
unprocessed fruit (Hunter Lab 2008; Patras and others 2009).  Increased POD activity at high 
temperatures is a culprit of this loss, which also coordinates with a decrease in anthocyanin 
concentration within the fruit (Patras and others 2009).  Increasing processing temperature above 
ambient temperature increased POD activity at all tested pressures (Cano and Hernandez 1997; 
Fig. 1.5).  
  
  
Fig. 1.5. Influence of high pressure and temperature treatments (15 minutes) on POD in 
strawberry puree.  
  
 Thermal processing not only reduces the desirable physical components of strawberry, 
but can also have an adverse effect on flavor (Aguilo-Aguayo and others 2009).  A decrease in 
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the concentration of linalool and increased production of 1-butanol, two important constituents 
of flavor in strawberry, occurs due to thermal processing.  The imbalance of these two 
compounds can eliminate flavors typically associated with strawberries, or produce an 
unpleasant flavor altogether.  Furthermore, when strawberries are immersed in hot or boiling 
water they experience a significant drop in flavor-related compounds, leading to a substantial 
loss of flavor thus producing a bland, tasteless product (Philippe and others 2003).  This means 
that in order to preserve the natural flavor of strawberries, other processing techniques should be 
explored.   
 
1.5.2. Ultra High Temperature (UHT) Processing 
Ultra high temperature (UHT) processing involves subjecting foods to temperatures 
greater than 135
o
C for a short span of time, typically a few seconds or less.  If temperatures of 
approximately 135°C are not reached during processing, the method does not qualify as UHT 
(Mermelstein 2001).  UHT uses higher temperatures and shorter times than traditional thermal 
processing to reach pasteurization.  Such high temperatures encourage rapid inactivation of 
microorganisms and enzymes, but since processing times are short, minimal product degradation 
occurs compared to traditional thermal processing (Mermelstein 2001; Barry-Ryan and others 
2007).  This form of processing is most often applied to liquids such as dairy products and juices, 
to maintain quality; this typically eliminates the requirement for refrigeration during storage 
(Alzamora and others 1997).  This method can also be used on fruit or vegetable products to 
quickly and effectively reduce microorganism counts, insect infestation, and extend the shelf life 
of products by several months or longer depending on the product (Deindoerfer and Humphrey 
1959).  
 UHT has two variants that use two different methods of heat transfer, indirect and direct.  
The indirect system heats the sample by heating a separate medium and transferring this heat to a 
barrier.  The barrier then transfers the heat flux to the sample until a desired temperature is 
reached at which point the sample is cooled in a separate chamber.  Throughout the entire 
indirect heating process the sample never comes in contact with the heating medium.  In direct 
heating the sample is mixed with hot steam (Deindoerfer and Humphrey 1959).  Cooling in a 
vacuum chamber allows for removal of the condensed steam returning the sample to its original 
moisture content.   
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 In one method, metal canisters surrounding the sample are bombarded with microwave 
energy; the heat radiating from the walls of the processing container apply enough heat to 
sterilize even the slowest-heating particles in the sample.  Other methods use concurrent and 
countercurrent heat transfer either through pressurized liquids or steam as the heat source to 
process the samples.  Since UHT occurs over a short span of time, other particles more sensitive 
to heat are not over-processed.  This results in enhanced preservation of the samples inherent 
structure, nutrient content and overall quality.  Studies have shown that UHT has enabled 
nutrient retention of up to one year or more depending on the particular sample being processed 
(Mermelstein 2001).   
This process requires the same amount of energy input as aseptic processing, with very 
similar product quality.  Since UHT effectively preserves the quality of food products, but lacks 
a step in which contaminants are physically removed from the product; a warm water or 
chemical washing may be required before processing to remove dirt or insects (Barry-Ryan and 
others 2007).  The high temperature and short time combination effectively reduces the 
production of “scorched flavor” and helps to preserve the sensory qualities of the original 
product (Mermelstein 2001). 
 “Heat shocking” fruit nectar during UHT prevents further deterioration of texture and 
color by stopping the natural progression of maturation (Barry-Ryan and others 2007).  Even 
with a fraction of a second of processing time, UHT processed fruit nectars have the potential to 
be stored without refrigeration (Garland and Donahue 1998).  Pureed and blended papaya nectar 
that underwent UHT had a lower pH than its refrigerated counterpart, meaning more sugar had to 
be added to offset the increased acidity (Zulueta and others 2006).  The average vitamin C 
content of UHT processed papaya nectar was not significantly higher than that of refrigerated 
nectar samples.  This demonstrates the preservation of nutrient profiles from natural degradation 
by UHT.  Phenolic content of papaya, however, is negatively affected by UHT; refrigerated 
samples contained approximately 250 mg/L higher total phenols.  Neither vitamin A nor 
carotenoid content was statistically different between the two methods of preservation, 
refrigerated and UHT processed.  With regard to total antioxidant capacity, refrigerated samples 
tended to have higher values than UHT processed, blended papaya nectar; however the values 
were not statistically significant.  Exposure of room temperature samples to a processing 
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temperature of ~120°C resulted in the initial loss of vitamins and other antioxidant compounds, 
but better retention over time. 
 Strawberries also maintain a nutrient content higher than many other fruits after 
undergoing UHT (Rau de Almeida Callou and others 2010).  In a bevy of blended nectars such 
as grape, apple, passion fruit, as well as oranges and mangoes, strawberry retained the highest 
overall antioxidant capacity after UHT.  Anthocyanins and the majority of phenolic compounds 
remained since the effective time of processing was short, and is likely positively correlated with 
higher observed total antioxidant capacity.  When strawberries were added into milk and 
processed simultaneously under UHT conditions, they retained a folate value twice as high as 
any other fruit tested (Holasová and others 2005).  Strawberries’ retention of nutrients after UHT 
makes them attractive additives for similarly processed UHT milk.   
 UHT processing of other produce had varying effects on sensory and nutritional quality.  
Bayberries were processed at 120°C for 3 seconds (essentially UHT processing) and using these 
parameters, only 15-30% of phenolics remained after treatment (Fang and others 2006).  
Similarly, only 12-25% of anthocyanins and 3-9% of the initial flavonols remained, pointing to 
the potential negative consequences of UHT on certain fruits.  This highlights the fact that 
different fruits respond differently to UHT, but overall the preservative properties of this 
technique are well documented. 
 The concept of UHT is similar to that of high temperature short time processing 
commonly used for pasteurization; their observed effects on foods are also similar.  One such 
similarity lies in the preservation of original sample structure after processing.  Firmness of fruit 
or vegetable tissue following UHT is greater than the tissue firmness following other forms of 
thermal processing (Roy and others 2001).  One goal of food processing is to take advantage of 
processes already occurring in the foods in order to provide the consumer with a desirable end 
product.  An example of this is the activation of PME with high temperature short time 
processing to induce the hardening of the cell wall through the de-esterification of pectin.  This 
was demonstrated in carrots and beans wherein they experienced an increase in firmness upon 
processing (Chang and others 1965; Kidmose and Martens 1999; Roy and others 2001).  
Extensive heating of plant tissue on the other hand, is known to have detrimental effects on the 
cellular level, including the breakdown, rupture and separation of cell walls, swelling of primary 
walls, lysis of the plasma membrane, and loss of cell sap and turgor, which are all results of 
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traditional thermal processing (Alzamora and others 1997).  Shorter time exposure at higher 
temperatures will help keep this structural damage to a minimum, which is supported by the fact 
that product quality measures related to cellular damage have higher activation energies 
compared to microbial damage kinetic models.  Based on the fact that lowest activation energies 
are favored at higher temperatures and short time exposures, this makes UHT desirable over 
traditional thermal processing (Liu and Floros 2012). 
 UHT has also been known to create Maillard products, which can contribute to off 
flavors and odors in some processed foods.  The Maillard reaction describes the conjugation of a 
sugar to an amino acid in the presence of heat, and is the reason that bread dough turns brown 
when baked or why meat shows sear marks when put on a hot grill.  The Maillard reaction is 
comprised of a series of smaller reactions that are all non-enzymatic and can use either fructose 
or glucose as a reactant.  The mechanism starts with the reaction of an amine group on a protein 
with a sugar to form a Schiff base, which then cyclizes to make a glycosylamine.  The 
glysocylamine can then undergo a rearrangement, either called a Heyns rearrangement or 
Amadori rearrangement depending on whether fructose or glucose is being utilized.  These 
products can then undergo rearrangement to form an oxygen dioxycarbonyl sugar, which then 
can react to form dark pigments which give thermally treated foods their characteristic brown 
color.  These Maillard reaction products can contribute to aroma and flavor changes in processed 
fruits (Deindoerfer and Humphrey 1959; Dills Jr 1993) and need to be taken into consideration 
when performing UHT.   
 
1.5.3.    Non-Thermal Processing 
 
1.5.3.1. High Pressure Processing (HPP) 
 High pressure processing HPP is a method of industrial pasteurization and sanitization in 
which food is subjected to hyper-atmospheric pressures ranging from 200 to 1,000 MPa (mega 
Pascals) for anywhere from a few seconds to 30 minutes (Rastogi and others 2007).  Constant 
pressure at this level inactivates microorganisms and spoilage catalyzing enzymes, while 
retaining more desirable quality attributes of the food.  Application of certain high-pressure 
conditions can induce food textural changes by rearranging its molecular structure and may even 
increase the functionality of certain ingredients.  Since high pressure only affects non-covalent 
 - 27 - 
 
bonds, the process may unfold protein chains, but will have little effect on qualities like color, 
flavor, or nutritional content.  HPP can be carried out at ambient temperature or even lower.  
Liquid components of food experience an increase of approximately 3°C for every 100 MPa 
increase, while foods with a high lipid content experience an increase of 8-9°C for every 100 
MPa increase.  Because of this relationship, pasteurization can occur even under chilled 
conditions.  Typically, pressure is combined with a second inactivating factor such as elevated 
temperature ranging from 60-90°C to sterilize foods on a commercial scale (De Roeck and others 
2009).  Combinations of high pressure and temperature can increase inactivation of deleterious 
enzymes while reducing processing time, which can result in a higher quality end product.   
 HPP transmits uniform, hydrostatic pressure throughout the entire system, irrespective of 
both food size and geometry (Rastogi and others 2007).  Problems with heat, which can result in 
the burning of the outer layer of food without thoroughly processing the interior, or irradiative 
penetration are almost entirely eliminated when using HPP.  When batch processing samples, 
size (height, length, volume) does not need to be reduced to conform to pressure penetration, 
allowing the cost of HPP to be equivalent to that of traditional thermal processing.  The 
combination of near elimination of thermal damage and the reduced need for preservatives and 
additives as well as the widespread inactivation of microbes and enzymes has led to a processing 
technique that is physically gentle and widely accepted by the food industry.  
 HPP utilizes elevated pressure to induce a variety of cellular changes in fruits and 
vegetables, resulting in several key effects on plant physiology.  This method of processing 
works by exploiting the relationship between standard free energy change (ΔG) and the 
equilibrium constant (k), as outlined below (Robinson and Sligar 1995): 
 
δΔG/δP = ΔV 
 
And since the following is true: 
 
ΔG = -RTlnK 
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It follows that: 
 
δ(lnK)/δP = -ΔV/RT       
 
 Increasing the pressure in a system will result in a decrease in volume, if all other 
parameters are held constant.  This idea manifests itself in several interactions within the 
extracellular semipermeable membrane, including ionic interactions, hydration, hydrophobic 
interactions, and hydrogen bonding.  Ionic bonds may undergo dissociation following high 
pressure processing due to solute-solvent interactions that cause contraction fluctuations around 
charged groups.  This phenomenon is known as electrostriction and results in an observed 
decrease in water volume (Chalikian and others 1993; Robinson and Sligar 1995).  Salt bridges 
and ionic pair bonding are the primary stabilizing force in a protein's tertiary and quaternary 
structure, so loss of this organization induces protein denaturation (Kato and others 2002).  
Conversely, some studies have shown a stabilization of ionic bonding domains not exposed to a 
solvent after undergoing high pressure processing due to increased thermal fluctuations between 
subunits of the protein.  Protein conformations are further affected by fluctuations in the extent 
of water binding in the interior of the protein.  As pressure is applied, more conformations are 
available to the protein, causing a greater exchange between solvent and protein-bound water 
(Tauc and others 1998; Butz and others 2002; Kato and others 2002).  Additionally, as osmotic 
pressure increases, it is thermodynamically unfavorable for the separation of water molecules 
from the solvent to dilute the solute (Robinson and Sligar 1995).  This exchange of water 
molecules between protein and solvent is responsible for the majority of protein deformation as a 
result of HPP primarily due to hydrophobic interactions, the most pressure-sensitive protein 
stabilizing forces.  Given that quaternary structure can be responsible for many catalytic 
functions, disruption of these interactions will quickly cause a drastic reduction in enzyme 
functionality (Kato and others 2002).  Covalent bonds are largely unaffected by HPP, which 
implies that pressure can, at most, cause denaturation and cannot affect the primary sequence of 
proteins (Balny 2004).  With increasing water molecule exchange, many proteins (not all) will 
denature and form a globule molecule devoid of any tertiary domains.  This creates an absence of 
catalytic domains and any functionality that the enzyme may have embodied is thereby reduced 
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or lost completely.  Not all proteins are equally affected however, as will be discussed, based on 
the influence of hydrophobic interactions.  
 The functionalities and structures of proteins are not only affected, but the membrane on 
which these proteins reside also changes to further influence the physiology of the fruit or 
vegetable.  As pressure is applied to the system, the lipid bilayer may experience irreversible 
fluctuations in fluidity, resulting in permanent phase transitions that affect biochemical processes 
necessary to cell function.  In one study of Na
+
/K
+
 ATPase in a pig kidney membrane, three 
distinct phase changes were associated with the application of 100-300 MPa of pressure.  The 
first increment from 0.1-100 MPa showed a decrease in membrane fluidity from a liquid-
crystalline structure to a gel phase.  From 100-220 MPa, the membrane experienced even more 
reversible decreases in fluidity, however changes were more severe.  An example of these 
changes included the filling of cavities between lipids with water molecules, which occurred 
simultaneously with the dissociation of enzyme subunits caused by the influx of water molecules 
in the protein's interior.  When pressure was increased to above 220 MPa, the membrane and 
associated enzymes experienced extensive protein denaturation that was irreversible at pressures 
greater than 300 MPa (Kato and others 2002).  The initial decrease in fluidity is a well-
established mechanism that results in higher ordering of lipids within the membrane (Tauc and 
others 1998; Luscher and others 2005).  These effects are present to a greater degree in cells that 
have a naturally lower elastic modulus that corresponds to greater cell elasticity (Préstamo and 
Arroyo 1998).  
 While little published data is available on the effects of HPP on papaya, its effects may 
be reasonably assessed based on a comparison with other, similarly-processed foods.  The flesh 
of papaya is different than that of an aggregate fruit such as strawberry or raspberry, meaning 
that it may be more difficult for pressurized air to impact the interior of the fruit.  To counteract 
this, papaya is often ground or puréed to a pulp, similar to methods used for processing 
persimmons or carrots at high pressure.  This allows the foods to be pasteurized without loss of 
desirable sensory characteristics (McInerney and others 2007).  In these cases, HPP affected 
neither total carotenoid content nor antioxidant capacity.  If papaya were processed whole, the 
high pressure would deface the fruit less, affecting only the exterior layer since there is minimal 
air trapped within a papaya (Rastogi and others 2007).  It is implicit that there are benefits to 
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HPP of papaya, as this method is commonplace before the fruit’s commercial exportation (Follett 
and Armstrong 2004).   
 The effects of HPP on strawberries are well documented.  Though high pressure 
treatments are beneficial to the chemical preservation and nutrient content of strawberries, 
physical stresses on the fruit due to volumetric changes frequently occur (Zabetakis and others 
2000; Rastogi and others 2007; Gamlath and Wakeling 2011).  HPP is particularly destructive to 
strawberries due to the fruit’s large volume of entrapped air, resulting in cellular deformation and 
serum loss (Rastogi and others 2007).  HPP also causes a slight pH shift resulting in a more 
acidic flavor.  Hydrostatic pressure’s effect on POD activity is complex; pressure treatments up 
to 300 MPa correspond to a decrease in POD activity, while 300-900 MPa slightly increase the 
enzyme’s activity (Zabetakis and others 2000).  Complete inactivation of POD occurred at 900 
MPa.  When treated at 800-1000 MPa, PME was inactivated, meaning no degradation of fruit 
structure beyond that of the process’ original deformation occured (Ly-Nguyen and others 2002).  
Structural integrity of HPP strawberries was enhanced when compared to thermally processed 
samples.  When processing at pressures of 200, 600, and 800 MPa, anthocyanin losses during 
refrigeration were reduced, leading to increased color retention (Zabetakis and others 2000; 
Gamlath and Wakeling 2011).  During HPP, strawberries retained 100% of their initial sucrose 
value, thereby maintaining their sweetness profile (Gamlath and Wakeling 2011).  Total phenolic 
concentrations actually increased, while other volatile flavor compound concentrations were 
maintained (Gamlath and Wakeling 2011). High retention of nutrients and sensory characteristics 
associated with HPP makes this form of processing increasingly more desirable compared to 
traditional thermal processing (Patras and others 2009). 
 These clearly defined effects at the cellular level correspond to well-documented effects 
on fruits and vegetables after processing.  HPP has been shown to conserve the presence of 
beneficial substances such as vitamins and antioxidants in plant tissue; however, the ability to 
extract these substances and other structural properties such as glucose and water retention are 
affected.  In a study conducted on carrots, tomatoes, and broccoli, water retention increased after 
HPP (Butz and others 2002).  Similarly, glucose concentration increased, corresponding to a 
higher retention of glucose in the plant matrix.  This agrees with the understood mechanism of 
HPP, since structural changes in proteins and the lipid bilayer influence the gross properties of 
the plant tissue.  A study conducted by Kato and others (1997) showed no change in the amount 
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of pectic substances found in carrots before and after HPP, and also reported a decrease in the 
esterification of pectin, explaining both the ability of HPP to retain plant firmness and the 
activation of PME, respectively.  Through the understanding of high pressures effects on both the 
cellular and structural level, this can allow for processing of fruits and vegetables with minimal 
permanent effects to their native structures.   
 
1.5.3.2. Irradiation 
 Irradiation is used in place of thermal processing techniques to manage food spoilage and 
reduce or eliminate foodborne pathogens, ensuring safe, quality products (FSIS 2012).  The 
Center for Disease Control recognized greater application of this technology in 2002, describing 
food irradiation as “a promising new application of an established technology”, and irradiated 
foods have been determined “safe” by the Food and Drug Administration (2012).  
 Irradiation uses energy from ionizing radiation instead of heat; therefore producing 
different effects than traditional thermal processing (FSIS 2012).  Foods approved for this 
technique are exposed to radiant energy from sources including gamma emitting radionuclides, 
electron-beams, ultra-violet radiation and x-rays.  Depending on the application, accurate dose 
ranges of radiation must be applied to achieve benefits including extended shelf lives (Dauthy 
1995).  Irradiation can extend shelf lives in fruits by minimizing bacteria, mold, and fungi which 
cause food spoilage (Dauthy 1995).  Irradiation as a “disinfecting” technique has been around for 
several decades.  Irradiation has been used to sterilize medical devices prior to use in surgeries or 
implantation (CDC 2009).  Use of irradiation for pasteurizing fruits and vegetables destroys most 
microbes and can be accomplished by using less than 5% of the dose used for sterilization 
(Osborne 1963); this lower dose does not alter flavor or texture appreciably.  Irradiation of foods 
can prevent foodborne pathogens such as E. coli, Salmonella spp., Campylobacter spp., 
Toxoplasma organisms, and Listeria spp. (CDC 2009).  Specifically, food irradiation of fresh 
produce can remove Shigella spp. and Salmonella spp.  Irradiation by Cobalt-60 or Cesium-137 
is accomplished by the gamma rays emitted by these radionuclides which can penetrate to 
several feet, allowing for complete exposure.  Cobalt-60 and Cesium-137 do not emit neutrons, 
and thereby do not cause exposed materials to become radioactive.  Cobalt-60 is predominately 
used in food irradiation due to its deep infiltrating gamma rays and availability (IAEA 1999).  
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 Early experimentation indicated that irradiation of foods for pasteurization and shelf life 
extension purposes with doses below 1,000,000 rads (or 10 kGy) did not cause noticeable 
“chemical changes and alterations in micro- and macronutrients” (Kraybill and Whitehair 1967).  
More recently the USDA Food and Safety Inspection Service (2012) has expanded on this, 
stating that nutrient loss due to the irradiation process is approximately the same as, if not less 
than, nutrient loss from cooking or freezing foods.  Considerable research on the effect of 
irradiation on nutrients has shown that carbohydrates, proteins, and fats undergo insignificant 
changes (IAEA 1999).  While most vitamins are similarly affected by irradiation, some, 
including ascorbic acid (vitamin C) and α-tocopherol (vitamin E), are affected more than others.  
Fresh fruits and vegetables are important sources of nutrients and antioxidants (WHO 1999).  
Both papaya and strawberries contain high ascorbic acid contents that can be affected by 
irradiation.  As a result, these fresh foods are not subjected to high-dose irradiation and have an 
FDA-approved irradiation dose up to 1.0 kGy (CES NCSU 2013).   
 The presence or absence of atmospheric oxygen during irradiation plays a large role in 
vitamin E loss or retention (WHO 1999).  Foods requiring high doses of irradiation are often 
coupled with conditions to minimize adverse effects of higher dosage.  Temperature and oxygen 
concentration are modified to create an ideal environment for processing these foods.  Using 
these methods irradiation-sensitive vitamins can be retained.  Vitamin A is also affected by high-
dose irradiation but because typical sources come from dairy products which are usually not 
irradiated, any persons eating a well-balanced diet should not expect to see any changes in their 
vitamin A intake due to eating low-dose irradiated fruits.   Similarly, vitamin E intake should be 
essentially unaffected due to consumption of low-dose irradiated fruits since normal dietary 
sources such as butters, vegetable fats, and oils are typically not irradiated.   
 Pectin, a water soluble polysaccharide, is important to fruit structure. Ionizing radiation is 
known to degrade polysaccharides; therefore, irradiation of fruit must affect their pectic 
substances (Zegota 1999).  This same study discovered that the gelling potential of fruit 
decreased with increasing doses of irradiation, connecting degradation of pectin via irradiation to 
slowed gelation.  Naturally occurring pectin in fruits greatly affects consistency and textural 
changes during ripening, storage, and irradiation or other processing (Prasanna and others 2007).  
On a fresh-weight basis, the percentage of pectin found in the papaya pericarp (0.66-1.00%) is 
higher than that in strawberry pulp (0.14-0.44%) (Prasanna and others 2007). 
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Polygalacturonase (PG), β-galactosidase, and PME activities were studied by Assi and others 
(1997) in irradiated fruits to determine any modifications by concentrating on total enzyme 
activities and not derived isoenzyme activity.  They found that PG activity decreased while β-
galactosidase and PME activities increased in irradiated tomatoes.  However, they mentioned 
that these activity changes did not correspond to changes in fruit firmness; suggesting an initial 
decline in firmness of irradiated fruits is associated to a “radiolytic” effect, not an enzymatic 
effect.  Boylston and others (2002) found that storage factors rather than irradiation of three 
tropical fruits, one being papaya, were the leading cause of changes in ascorbic acid and 
carotenoid content.  In comparison of irradiated and non-irradiated papayas, the irradiated 
papayas were firmer than the control, but their aroma and flavor intensity were not as strong as 
the non-irradiated papayas.  Furthermore, ascorbic acid and carotenoid content of papaya were 
deemed unaffected by irradiation.  D'Innocenzo and Lajolo (2001) found that the patterns of 
enzymatic activity of PG, PME, and β-galactosidase in papaya were affected by irradiation and 
pertinent to fruit softening.  Irradiation was determined to have an indirect effect on fruit 
structure by “altering the ripening induced synthesis of cell wall enzymes,” the major enzyme 
being PME.  It was concluded that irradiation doses of 0.5 kGy were able to delay the ripening 
process of papaya for two days.  Without this benefit of irradiation, consumer acceptance of 
papaya and fruit quality would decline due to softening and subsequent bruising during shipping.   
 In strawberries, concentrations of quercetin- and ellagic acid derivatives were found to be 
unaffected by irradiation while the derivatives of catechin and kaemperol seemingly declined 
(Breitfellner and others 2002a).  They describe this decline in catechin and kaemperol derivatives 
as “in the same order of magnitude as the variation of their concentrations in different harvests 
and varieties.”  The concentrations of quercetin- and ellagic acid derivatives stayed consistent up 
to an irradiation dose of 6.0 kGy.  The FDA mandates a 1.0 kGy maximum dose for irradiation 
of fruits, with the purpose of both disinfecting and delaying ripening (CES NCSU 2013); thus, a 
dose of 6.0 kGy is not applied, suggesting higher concentrations of all derivatives should remain.  
Furthermore, at 3.0 kGy, it was concluded that there was not major losses of flavonoid 
components or ellagic acid derivatives in strawberries, resulting in minimal effect on their 
antioxidative properties (Breitfellner and others 2002a).  According to Marquenie and others 
2002 research, irradiated strawberries (using UV) slowed fruit softening for up to ten days at an 
ideal dose. 
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 In a study researching combined effects of irradiation and carboxymethyl cellulose 
(CMC) coatings, uncoated irradiated strawberries showed a reduction in yeast and mold count 
after 6-9 days of storage time as did irradiated and coated strawberries (Hussain and others 
2012).  Civello and others (1995) discovered two POD isoenzymes in strawberries having 
isoelectric points of 9.5-10.0 and did not find other acidic or neutral isoenzymes during green to 
ripe strawberry fruit stages.  It is thought POD is able to perform many different cellular 
processes due to its particular isoenzymes (Campa 1991).  Civello and others (1995) concluded 
that strawberry POD activity is predominantly membrane-bound and noted a decrease in specific 
enzymatic activity throughout ripening.  Lignin and suberin biosynthesis are key functions in cell 
wall POD (Campa 1991).   
 Natural-source POD extract irradiated with Cobalt-60 has shown improved stability 
lasting more than twice as long as non-irradiated, control extracts of the same source (Sotomayor 
and others 2001).  The same study concluded that biosensors engineered from the gamma-
irradiated POD extract were more effective, sensitive, and stable.  POD has been identified as 
“one of the most heat-stable enzymes” occurring in fruits and vegetables and incomplete 
inactivation of POD via thermal processing can produce off-flavors and colors in fruit (Burnette 
1977).  Therefore, irradiation of strawberries needs to act agreeably with POD enzyme activity.  
Ionizing-radiation, used in food irradiation, has proven to slow fruit ripening rates and therefore 
enable extended shelf lives (Dauthy 1995).  Irradiation has been shown to be especially 
applicable when it comes to strawberries, having the potential of extending shelf lives anywhere 
from 5-15 days (Dauthy 1995).  d'Amour and Gosselin (1993) found that gamma-irradiation 
affected the galacturonic acid and glucose cell wall components of strawberries.  Furthermore 
they suggested an increase in glucose could be a result of cellulose hydrolysis and a decrease in 
galacturonate via polygalacturonic acid chain depolymerization after irradiation.  Irradiation does 
not seem to have a direct effect on fruit softening, but instead slows the ripening process by 
changing enzymatic activity levels. 
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1.6.    Synergistic Potential of Papaya and Strawberry Nectar Blends 
 Food synergism results when a combination of nutrients provides a greater beneficial 
(e.g., antioxidant) effect than they would individually (Jacobs and others 2009).  The idea of 
food synergy reinforces the importance of a varied diet to obtain maximum health benefits.  
Better absorption of nutrients is a benefit of synergy.  For example, flavonoids taken with 
ascorbic acid can improve the absorption of ascorbic acid and prevent its oxidation (Meletis and 
Barker 2004).  Both papaya and strawberry contain ascorbic acid, with papaya having a higher 
concentration.  Strawberries also contain a variety of flavonoids.  A potential synergistic effect of 
the two fruits being combined could be more efficient ascorbic acid absorption.   
 When it comes to the fundamental nutrients of papaya (vitamin A, ascorbic acid, α-
tocophreol, flavonoids, and carotenes such as lycopene and/or β-cryptoxanthin) and strawberry 
(ascorbic acid, ellagic acid, and flavonoids such as anthocyanin, catechin, quercetin, and 
kaempferol) the synergistic potentials are significant.  Independently, both lipid-soluble vitamin 
E and aqueous-ascorbate are able to inhibit membrane lipid peroxidation by inactivating free 
radicals (Slausan and Cooper 1990).  Hazewindus and others (2012) investigated the assumption 
of synergistic effects between lycopene, ascorbic acid, and α-tocophreol showing that lipid 
oxidation was more adequately inhibited when nutrients were combined.  It was concluded that 
ascorbic acid with α-tocopherol is effective at inhibiting lipid peroxidation while also 
complimenting lycopene’s anti-inflammatory effect.  Other studies have shown a synergistic 
relationship between lycopene and α-tocopherol.  Copper ion induced low-density lipoprotein 
(LDL) oxidation was greatly inhibited by a combination of lycopene (5 µmol/L) and α-
tocopherol (between 1-10 µmol/L) (Fuhrman and others 2000).  Extended oxidation inhibitory 
periods occurred from the combination of flavonoids and α-tocopherol in both tert-butyl alcohol 
and chlorobenzene solutions; therefore strongly suggesting a synergistic and/or co-antioxidative 
effect (Pedrielli and Skibsted 2002).  Independently, and in combination with flavonoids, α-
tocopherol showed similar effectiveness which Pedrielli and Skibsted (2002) compare to 
ascorbic acid’s α-tocopherol regenerating effect, suggesting the same mechanism may result in 
the synergism between flavonoids and α-tocopherol.  Specifically, in tert-butyl alcohol solution 
flavonoids such as quercetin and (-)-epicatechin acted synergistically with α-tocopherol while in 
chlorobenzene solutions quercetin and (+)-catechin were concluded to regenerate α-tocopherol 
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(Pedrielli and Skibsted 2002).  The catechin and quercetin flavonoid content of strawberry 
combined with α-tocopherol from papaya could produce a similar beneficial effect.   
 Furthermore, combinations of catechin, quercetin, hesperidin, and ferulic acid displayed 
more significant antioxidant activity than they had individually (Cirico and Omaye 2006).  
Findings supported a higher antioxidant capacity against copper ion induced LDL oxidation of 
flavones having a similar number of hydroxyl groups.   
 α-Tocopherol and β-carotene were tested for potential reduction of lipid peroxidation 
initiated by production of peroxyl, perferryl, and hydroxyl radicals in rat liver microsomal 
membranes (Palozza and Krinsky 1992).  Concentrations of α-tocopherol (6.5 nmol/mg protein) 
and β-carotene (10 nmol/mg protein) were first added separately with α-tocopherol showing 
greater inhibition of lipid peroxidation.  β-carotene protection was shown to be a “function of 
concentration,” resulting in evident inhibition of AAPH-initiated MDA formation at a 
concentration of 50 nmol/mg.  The addition of both α-tocopherol and β-carotene resulted in 
greater lipid oxidation inhibition than that of the sum of their individual inhibitory effects; thus 
providing evidence of synergism.  The addition of both α-tocopherol and β-carotene resulted in 
an increased display of antioxidant capacity of β-carotene; suggesting a synergistic mechanism 
which reduced production or reactivity of β-carotene free radicals.  
 Recently, Rosario and others (2013) studied the effects of irradiation on the chemical 
components of guavas, including sugars, pectin, ascorbic acid, and β-carotene.  They found that 
ascorbic acid and β-carotene content were most affected by irradiation; but ensured this is 
common in other processing techniques as well, suggesting it is a minor disadvantage.  HPP is 
another widely accepted food processing technique and provides preservation with minimal 
effects on nutritional content of fruit (Rawson and others 2011).  Consistency is one major 
advantage of this treatment; pressure is uniformly applied to the product.  However HPP can 
modify phytochemical stability and extraction of bioactive compounds while irradiation of fruits 
has shown an increase in enzymatic activities which leads to flavonoid biosynthesis.  
 In addition to the possibility of greater nutrient retention and greater stability of bioactive 
compounds, reducing irradiation damage could be a benefit of combining papaya and 
strawberries.  According to Bates and others (2001), fruit juice quality or nutritional deficiencies, 
sometimes inevitable due to processing, could be reduced by proper blending of fruit juices.  
Normally irradiation damage is not significant in whole fruits at low doses, but damage can 
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occur to flavonoids and phenolic compounds in aqueous solutions (Breitfellner and others 
2002b).  More specifically, aqueous solutions of (+)-catechin, queretin-3-glucoside and ellagic 
acid from strawberries were degraded more rapidly than when in the fruit matrix (Breitfellner 
and others 2002a).  Breitfellner and others’ (2002b) results showed all phenolic compounds are 
easily degraded in aqueous solutions, but it was concluded that these components in a 
“multicomponent food system” are much less sensitive to modifications.  It is highly probable 
that the added density, volume, antioxidant content, and potential synergism of strawberry and 
papaya combinations could reduce this damage by dispersing ionizing energy and employing 
regenerating mechanisms.  The “engineering approach” which emphasizes correct calculation of 
irradiation doses could support this potential benefit as long as the mixture is homogeneous.  
This approach explains that for maximum quality retention and total microorganism elimination 
the structure, density, and “non-homogeneity” of foods must be accounted for when considering 
irradiation dose (Castell-Perez and Moreira 2001).  One problem with irradiation of fresh whole 
fruit is applying consistent doses without structural and density changes being accounted for.   
 Research outlined in subsequent chapters establishes that non-thermal processing of fruits 
results in greater nutrient retention than traditional thermal processing.  Examples discussed 
above, specifically focused on nutrients in papaya and strawberry, and suggest the benefits of a 
varied diet with multiple vitamin and antioxidant sources, while encouraging additional research 
on papaya and strawberry combinations.  The potential synergistic benefits of nutrients in papaya 
and strawberry blends are clear, but the possibility of higher nutrient concentrations being 
retained after novel thermal and non-thermal processing warrants further investigation.   
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Chapter II – Processing Techniques and Methodology 
 
2.1.    Processing Techniques 
 
2.1.1. Papaya and Strawberry Pulping 
 Papaya (Red Flesh, Product of Brazil, www.ugbp.com) and strawberry (Crimson Gold 
Strawberries, GPC – Grimes Produce Co., Plant City, FL) were first washed and dried 
thoroughly to remove any possible surface contaminants.  Papayas were allowed to ripen to 
optimal ripeness, approximately 80% yellow, before pulping.  Strawberries were frozen whole at 
-20ºC to minimize nutrient loss which may occur due to disrupting the fruits native structure, and 
only pulped as needed before processing.  Once ripe, papaya was cut in half and the seeds were 
manually discarded.  Strawberry stems were removed, cut into one-fourth inch pieces and 
thawed at room temperature.  Papaya/strawberry pieces were scraped into the Kitchenaid ™ 
mixer (Whirlpool, St. Joseph, MI) mixer with pulping attachment (separately) and the pulp was 
collected in a shallow tray, rerunning the waste exudate at least twice.  Any undiluted pulp was 
removed at this point, if needed, for analysis.  The initial Brix was determined using a hand-held 
refractometer (Westover Scientific, Seattle, WA) and diluted as necessary to achieve 8ºBx and 
6ºBx for papaya and strawberry, respectively.  The pH was also determined for the diluted pulp 
using an ion analyzer meter (Orion Research EA 920, Cambridge, MA).  Papaya pulp was 
immediately frozen at -20ºC until processed and strawberry nectar was immediately processed 
after pulping.  Specific Brix values were chosen to standardize all samples to account for 
variation in initial Brix values between each batch of fruit as well as to mimic consistency of 
commercially available juices/nectars.          
Limitations:  Processing fruit at the optimal stage of ripeness is challenging.  Every attempt was 
made to pulp fruit at 80% ripe for papaya based on color and firmness.  Strawberries were 
purchased and immediately frozen to reduce deterioration due to their fast onset of softening and 
molding.   
 
2.1.2. Traditional Thermal Processing 
 Each sample was placed into sealed capillary tubes (3mm i.d.) and exposed to 
temperatures of 80, 90, 100, 110, 120 or 130ºC for 0, 0.5, 1, 2, 3, 5, or 10 minutes using a 
circulating silicone oil immersion bath. Polydimethylsiloxame 50cSt (Clearco Products, 
 - 39 - 
 
Bensalem, PA) was used as the immersion fluid due to its high boiling point and compatibility 
with the circulating immersion bath. Time began when the fruit nectar reached the target 
temperature; capillaries were immediately cooled in an ice bath after processing.  To establish 
when nectar in the capillary tube reached the set temperature, the come up time was determined 
using an identical sealed capillary tube containing a thermocouple.  To do this, a capillary tube, 
flame sealed at one end, was filled with either papaya or strawberry nectar, a wire temperature 
probe (TipTemp, Burlington, NJ) was then inserted into the center of the tube equidistant from 
either end.  The open end was sealed with silicone caulk, preventing nectar escape, and the probe 
was connected to an instant-read digital thermometer (Cole-Parmer Instrument 
Company, Vernon Hills, IL).  Samples and thermocouple were simultaneously placed in the 
immersion bath and temperature was immediately recorded with processing time starting once 
target processing temperature was reached. The temperature/time combinations were chosen to 
bracket traditional thermal processing conditions while at the same time inducing sufficient 
nutritional change to perform thermal processing calculations (Fraeye and others 2009).  Such 
calculations include D value (decimal reduction time: the time required to induce a 90% 
reduction of, in this case ascorbic acid), and Z value, the temperature change required to induce a 
90% reduction in D value.   
 
2.1.3. Ultra High Temperature (UHT) Processing 
Due to particle size restrictions imposed to ensure reliable processing of samples, fruit 
pulping techniques (outlined in Section 2.1.1) were modified for this process.  Papaya and 
strawberry were pulped as outlined in Section 2.1.1.  Before freezing, the fruit pulp was 
additionally pureed in a Bella High Powered food processor (Sensio Inc., Canada) for 60 seconds 
to further reduce pulp particle size.  An ice bath was used to maintain pulp temperature while 
pureeing.  Any fruit pulp trapped by the food processor screen was run through the food 
processor again and combined with the originally collected nectar.  The pureed nectar was 
adjusted to 2ºBx for both papaya and strawberry and frozen at -20ºC until thawed and UHT 
processed.  
 Samples were exposed to 80, 110 and 135ºC for approximately 1-3 seconds using a pilot 
plant scale Armfield FT74T Miniature UHT Heat Exchanger (Armfield, Ringwood, UK). 
Processing times slightly varied due to the manual adjustment of pressure and pump speed 
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required to achieve adequate nectar flow rates.  This process was chosen to determine if high 
temperature coupled with short time exposure had similar nutrient and quality changes in the 
fruit compared to other thermal and non-thermal processing techniques.  Specific temperature 
and time combinations were chosen to use as points of comparison to the above-mentioned 
traditional thermal processing, to mirror parameters used to process similar fruits in the literature 
(Fang and others 2005) as well as to determine if this method of thermal processing was 
applicable to papaya and strawberry nectars.  
 
2.1.4.  Non-Thermal Processing 
 
2.1.4.1. High Pressure Processing (HPP) 
 Both temperature and pressure were manipulated to determine how temperature alone, 
pressure alone, and combinations of temperature and pressure impact strawberry nutrient and 
quality retention; note that HPP was only applied to strawberry nectar whereas both papaya and 
strawberry nectars were processed using the other techniques examined.  The HPP system 
utilized consisted of a high pressure reactor, model U111, a high pressure micropump, model 
MP5, and a pump controller, MP5 micropump control unit (Unipress Equipment, Warsaw, 
Poland).  Samples were run at 20ºC or 60ºC while applying 200, 400 or 600 MPa of pressure.  
An additional control sample was run simultaneously at atmospheric pressure at 20
o
C or 60
o
C to 
determine the true effects of added pressure to the processing of these samples (Cano and 
Hernandez 1997; Terefe and others 2009; Reyes De Corcuera 2013).   
 Samples were thawed under refrigeration four days prior to treatment with each sample 
being packed in a plastic pouch the day of processing.  One sample was placed in a pressurized 
high pressure cell and a control sample was placed in another identical high pressure cell that 
was not pressurized.  Both cells were connected to the same water bath ensuring that the control 
and high pressure treated sample experienced identical temperature profiles.  The samples were 
treated for 2 minutes with the following temperature and pressure profiles: 
  
 Processing began at 5ºC, atmospheric pressure 
 Samples were pressurized to set point (200, 400, or 600 MPa) 
 Temperature was raised to set point (20 or 60ºC) 
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 Once temperature reached 90% (~ 40 seconds) of the set temperature, incubation time 
began 
 Samples were incubated 2 minutes 
 After incubation samples were cooled to 15ºC (~60 seconds) prior to depressurization  
 Samples were frozen immediately (-20oC) after processing until analyzed 
 
2.1.4.2. Irradiation  
 Samples were exposed to 2.5, 5, 7.5, and 10 kGy irradiation using a Gammacell 220 
Cobalt-60 irradiator, model 375/2 (Toshkov 2012, Ludlum Measurement, Inc., Sweetwater, TX) 
using a sealed radiation source, model GO 220E (CO-60, MDS Nordion, Inc., Ontario, CA).  
These exposure levels fall outside that of what is legally acceptable for processing of papaya and 
strawberry for consumer use at this current time (US GAO 2000) but a wide range of doses, 
coupled with overall high doses were chosen specifically to determine the full impact that 
irradiation has on fruit.  A similar experiment using Rainbow™ and SunUp™ papaya was 
conducted by (Parker and others 2010) in which samples were exposed to 5 and 7.5 kGy of 
irradiation.   
Currently there is no specific FDA guideline for irradiation of papaya and strawberries, 
but irradiation doses of up to 1.0 kGy are allowed for certain fruits (CES NCSU 2013).  
Typically papaya and melon are exposed to 0.25 kGy of irradiation to eliminate the presence of 
fruit flies (Follett and Armstrong 2004).  Irradiation is also used for other foods such as white 
potatoes (0.05-0.15 kGy), fresh foods (1.0 kGy), uncooked beef/lamb/goat/pork (refrigerated:  
4.5 kGy; frozen: 7.0 kGy), spices (10 kGy), and dry/dehydrated aromatic vegetable substances 
(30.0 kGy) (US GAO 2000).  This shows that doses chosen in this investigation fall within FDA-
approved ranges.  To achieve sterility it is estimated that up to 48 kGy of irradiation is required 
(FAO and others 1999).  The reason why irradiation doses are regulated closely by the FDA is 
due to the potential production of mutagenic or other potentially harmful compounds, which are 
not yet understood and may result from exposure to high levels of radiation (Niemand 1983).  
Based on current FDA regulations on other food products and experiments already conducted, 
irradiation doses chosen here have potential for processing papaya and strawberry.     
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2.2. Methodology  
All assays were performed on both papaya and strawberry nectars separately as well as 
on their respective blends.  Depending on the fruit or blend being analyzed, dilutions were 
changed accordingly, but generally procedures, outlined below, remained constant reguardless of 
the sample being analyzed.   
 
2.2.1.    Nutrient Assays 
 
2.2.1.1. Ascorbic Acid Quantification by HPLC 
 
Materials 
 Dithiothreitol (DTT) was obtained from Research Organics, Inc. (Cleveland, OH). 
Potassium Phosphate monohydrate (K2HPO4) was purchased from Mallinckrodt Baker, Inc. 
(Paris, KY).  Potassium Phosphate (H3PO4), ascorbic acid, and m-phosphoric acid were 
purchased from Sigma-Aldrich (St. Louis, MO).  Methanol was purchased from Fisher Scientific 
(Fair Lawn, NJ). 
 
Procedure (Lee and Coates 1999)     
Fruit nectars (previously diluted to 8
o
Bx for papaya and 6
o
Bx for strawberry) were 
diluted 1:1 (v/v) with dithiothreitol (DTT) solution (4.2 mM in 0.1 M K2HPO4, pH 7.0) and 
vortexed using a Fisher Vortex Genie 2 (Fisher Scientific, Bohemia, NY).  Extracts were mixed 
1:1 (v/v) with 4.5% m-phosphoric acid in 1.5 ml Eppendorf ™ tubes (Fisher Scientific, Fair 
Lawn, NJ) and vortexed again.  The extract was filtered through 0.45 µm syringe filters (4 mm 
and 25 mm Acrodisc CR PFTE, Gelman Laboratory, Port Washington, NY). 
Samples were analyzed by HPLC, including: Rainin pumps (RAININ HP Solvent 
Delivery System 110-115/220-240VAC, Woburn, MA) coupled with a DYNAMAX™ 
Absorbance Detector (Model UV-C, Woburn, MA) and a 100 μl injection loop (70-24SL (L45), 
Alltech Associates, Inc., Deerfield, IL) with detection at 240 nm using Rainin DYNAMAX 
HPLC Method Manager v1.2 on a Power Macintosh 8600/200).  Peak separation was 
accomplished with a Xterra RP18 (5 μm) 3.9 x 150 mm column (Waters, Milford, MA).  The 
mobile phases were comprised of solvent A, 0.1% m-phosphoric acid (H3PO4) and solvent B, 
100% methanol.  Flow rate was set at 0.8 ml/min, with an elution program following a linear 
gradient from 0-30% B over 8 minutes then dropping back to 0% B in 3 minutes and holding for 
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6 minutes.  Sample ascorbic acid concentrations were run in triplicates and derived from a 
standard curve of known ascorbic acid concentrations. 
Limitations:  The H3PO4 solution (solvent A) was used as opposed to the typically recommended 
50 mM K2HPO4 (pH 4.5) so as to reduce interference due to potassium and other cations, which 
can impact results (Parker and others 2010).   
 
2.2.1.2.  Antioxidant Capacity Determination using Oxygen Radical Absorbance Capacity 
   (ORAC)  
 
Materials 
 Acetone, glacial acetic acid, and Potassium Phosphate dihydrate (KH2PO4) were 
purchased from Fisher Scientific (Fair Lawn, NJ).  Fluorescein was obtained from Sigma-
Aldrich (Milwaukee, WI). 2,2’-Azobis (2-methylpropionamidine) dihydrochloride (AAPH), and 
6-Hydroxy-2,5,7,8-teramethylchromane-2-carboxylic acid (Trolox) were acquired from Sigma-
Aldrich (St. Louis, MO). Potassium Phosphate monohydrate (K2HPO4) was obtained from 
Mallinckrodt Baker, Inc. (Paris, KY). 
 
Procedure (Cao and others 1993; Dávalos and others 2004; Parker and others 2010) 
The fundamental mechanism of this assay is hydrogen atom transfer.  All assays were 
conducted on a BioTek FL600 fluorometer™ (BioTek Instruments Inc., Winooski, VT) using 
Costar 96-well clear bottom, black-sided plates (Corning Inc., Corning, NY).  Fruit (previously 
diluted to 8
o
Bx for papaya and 6
o
Bx for strawberry) was weighed and rinsed into (1:10 w/v) a 
glass test tube with 70:29.5:0.5 acetone:water:acetic acid (AWA).  Samples were vortexed 
(Fisher Scientific, Bohemia, NY), sonicated at 37°C for 5 minutes, shaken twice during 
sonication to suspend the sample, held at room temperature for 5 minutes, vortexed again and 
held 5 more minutes at room temperature.  Tubes were then centrifuged at 1,250xg for 10 
minutes and the supernatant removed to a glass test tube.  A second aliquot of AWA was added 
to the pellet and the extraction repeated.  The supernatant was added to the first extract and 
AWA added to a final volume of 20 ml.  The final extract was dispensed into 1.5 ml 
Eppendorf™ tubes (Fisher Scientific, Fair Lawn, NJ) and stored at -80oC until analyzed.   
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Each well of the 96-well plate contained 120 μL 70.3 nM fluorescein (prepared in 75 mM 
phosphate buffer, final concentration), 20 μL AWA (blank), 0.4 mM Trolox (prepared in AWA, 
standard curve) or sample, and 60 μL 12 mM 2,2’-Azobis (2-amidinopropane) bihydrochloride 
(AAPH, final concentration) added immediately prior to beginning measurement. Temperature 
was closely monitored and maintained at 37
o
C throughout plate preparation and fluorometry.  
For each run, one row consisted of a blank well followed by a trolox standard curve of 1, 2, 3, 
and 4 μM trolox (final concentration), repeated in reverse order and a second blank.  Subsequent 
rows contained a similar symmetrically matched blank, 1 µm trolox (internal standard), and 
samples.  Each sample was measured in duplicate across each row and values were averaged to 
account for inconsistencies across the plate.  Measurement was taken at an emission wavelength 
of 515 nm (530/25) and excitation wavelength of 493 nm (485/15).  Readings were taken every 
minute for 80 minutes and the plate was shaken for 3 seconds at intensity 3 before each reading.  
Results were expressed in μmol trolox equivalents/g (μmol TE/g) using the trolox standard curve 
run with each group of samples.  Each row was also adjusted based on the ratio of internal 
standard to that of the standard curve.  
Limitations:  ORAC is sensitive to pipetting errors and inconsistent temperature fluctuations 
across fluorometer.  Coefficients of variance were closely monitored to make sure all error 
stayed below 10% across the plate.  Temperature controlled baths were utilized to keep reagents 
at proper temperatures and the assay was conducted as quickly as possible. 
 
2.2.1.3. Carotenoid Quantification by HPLC  
 
Materials 
Ethanol was acquired from Decon Laboratories, Inc. (King of Prussia, PA). Hexane, 
methanol, methyl-tert-butyl ether (MTBE), ammonium acetate, and glacial acetic acid were 
purchased from Fisher Scientific (Fair Lawn, NJ). ß -Cryptoxanthin was obtained from Indofine, 
Inc. (Hillsborough, NJ). Butylated hydroxytoluene (BHT) and β -Carotene, type 1 were 
purchased from Sigma-Aldrich (St. Louis, MO). Lycopene, from tomato was obtained from 
Toronto Research Chemicals, Inc. (Ontario, Canada). ß -Apo-8'-carotenal, trans was acquired 
from Fluka (Buchs, Switzerland). 
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Procedure (Yamamoto 1964) 
Papaya nectar (previously diluted to 8
o
Bx) was weighed into a glass test tube and chilled 
extraction solvent (ethanol;hexane, 1:1 v/v, plus 0.1% BHT) was added, vortexed, and 
centrifuged (1,250xg, 12 minutes).  Supernatant was collected in a separate tube and extraction 
was repeated twice, pooling all respective fractions into one tube.  Collected fractions were dried 
in a Savant (SpeedVac SC110 Vacuum Concentrator Model SC110-120, Thermo Electron 
Corporation, Waltham, MA) with refrigerated vapor trap (RVT 100, Thermo Electron 
Corproration, Waltham, MA).  To the newly concentrated ethanol:hexane mixture 1.5 ml hexane 
and 1.25 ml double deionized water was added, vortexed and centrifuged (1,250xg, 10 minutes).  
The final extract was spun in Savant 45 minutes until dry.  Dried carotenoids were transferred to 
an Eppendorf tube using hexane.  Sample was vortexed and filtered for HPLC analysis (0.2 µm, 
5 ml syringe filters; Gelman Laboratory, Port Washington, NY).  The syringe was cleaned using 
hexane and added to the sample creating a final sample volume of 800 µl.   
Samples were dried under nitrogen and stored at -80
o
C until reconstituted in hexane and 
injected onto a YMC Carotenoid 3µm, 4.6 x150 mm Column (Waters, Milford, MA) using a 
Waters 2695 separations module (Alliance, Milford, MA) with a Hewlett Packard Series 1050 
detector using ChemStation LC3D software (Gilent ChemStation LC3D, Agilent Technologies, 
Santa Clara, CA).  Mobile phases were comprised of Methanol, Methyl-tert-butyl ether (MTBE), 
ddH2O, and ammonium acetate (1.5% w/v ammonium acetate using ddH2O, ambient 
temperature) vacuum filtered through 0.22 µm filters (47mm Millipore nylon, Billerica, MA) and 
degassed.  Mobile phase pH was adjusted to less than 7.0 using glacial acetic acid.  The mobile 
phases consisted of Mobile Phase A (83:15:2, 830 ml Methanol, 150 ml MTBE, 20 ml 
ammonium acetate) and Mobile Phase B (8:90:2, 80 ml Methanol, 900 ml MTBE, 20 ml 
ammonium acetate).  At a flow rate of 1.0 ml/min, samples were run using an elution program 
with a linear gradient beginning at 90% A and 10% B and was held 5 minutes, then transitioned 
to 55%A and 45% B over 12 minutes, then to 5% A and 95% B over 12 minutes and was held 5 
minutes.  Finally, solvent returned to 90% A and 10% B over 2 minutes.  Sample concentrations 
were derived using a standard curve of known concentrations of ß -Cryptoxanthin, ß -Carotene, 
type 1 and Lycopene, from tomato.  Final concentrations were adjusted based on retention of 
internal standard, ß-Apo-8'-carotenal, trans. All samples were run in triplicate. 
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Limitations:  Since carotenoids are sensitive to light and heat, the assay was run using yellow 
light and samples were held on ice.  Any carotenoid loss that occurred was monitored using the 
internal standard and final results were adjusted accordingly.   
 
2.2.1.4. Fruit Structure Imaging by Transmission Electron Microscopy (TEM)  
 
Procedure (Miller 2013) 
Fruit tissue or pellet was fixed using Karnovsky's Fixative in phosphate buffered 2% 
Glutaraldeyde and 2.5% Paraformaldehyde.  Tissue was washed in Sorenson's phosphate buffer.  
Secondary fixative, 2% Osmium Tetroxide was applied for several hours, followed by the 
addition of 3% Potassium Ferricyanide for 20 minutes.  After washing with water, saturated 
Uranyl Acetate was added for enbloc staining overnight. 
Tissue was dehydrated in a series of increasing concentrations of ethanol.  Acetonitrile 
was used as the transition fluid between ethanol and the epoxy.  Infiltration series was done with 
an epoxy mixture using epon substitute Lx112, DDSA, NMA and DMP-30.  Sample was 
concentrated in an Ependorf tube, and hardened in an 80
o
C oven for several hours.  At this point, 
the tip was clipped off and remounted on an epoxy stub and hardened in the oven overnight.  The 
resulting blocks were trimmed and ultrathin sectioned with diamond knives.  Sections were 
stained with Uranyl Acetate and Lead Citrate, and examined or photographed with a Hitachi 
H600 Transmission Electron Microscope.  Imaging was carried out in part in the Frederick Seitz 
Materials Research Laboratory Central Facilities, University of Illinois.  
 
2.2.2.   Enzymatic Assays 
  
2.2.2.1. Determination of Pectin Methylesterase (PME) Activity  
 
Materials 
NaCl was obtained from Fisher Scientific (Fair Lawn, NJ). Pectin and NaOH were 
purchased from Sigma-Aldrich (St. Louis, MO). 
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Procedure (Chang and others 1965)    
This assay measures the change in pH over time due to PME converting pectin to pectic 
acid.  Fruit nectar (previously diluted to 8
o
Bx for papaya and 6
o
Bx for strawberry) was vortexed 
with 1.7 M NaCl.  In a separate beaker, 1% pectin was adjusted to pH 7.5 (with 0.02 M or 5 M 
NaOH) using a calibrated pH meter.  A stir bar was placed into the pectin solution and the beaker 
was placed in a glassware dish filled with water to which a heating coil and thermometer was 
added.  The glassware dish with heating coil and pectin solution was placed on a stir plate for 
complete mixing throughout the assay and temperature was maintained at 30
o
C. The NaCl and 
fruit nectar mixture was added to the pectin solution creating a final NaCl concentration of 0.2 M 
which is optimal for PME activity.  Immediately after this addition, the pH of the pectin solution 
was adjusted back to 7.5 using small increments of 0.02 M NaOH.  Once the pH of the pectin 
solution was adjusted back to 7.5 this pH was maintained using 0.02 M NaOH over a span of 7 
minutes and the volume of NaOH required recorded.  This procedure was repeated at least 3 
times until the volumes of NaOH added were consistent.  Milliequivalents are equal to millimoles 
for monovalent ions. Therefore by dividing moles of NaOH added by minutes by actual grams of 
fruit added (accounts for original dilution) the data was reported as mEq/min/g sample. 
Limitations:  The main source of error was that of the person adjusting the pH throughout the 
assay.  To minimize this each sample was run in an identical fashion and timing of the assay was 
closely monitored. 
  
2.2.2.2. Determination of Peroxidase (POD) Activity 
 
Materials 
Poly-vinyl-poly-pyrolidone (PVPP), p-phenylenediamine, and monobasic sodium 
phosphate were purchased from Sigma-Aldrich (St. Louis, MO). Titron X 100 and hydrogen 
peroxide were acquired from Fisher Scientific (Fair Lawn, NJ). Dibasic sodium phosphate was 
obtained from J.T Baker Chemical Co. (Philipsburg, NJ). 
 
Procedure (Cano and Hernandez 1997; Terefe and others 2009)   
Fruit nectar (previously diluted to 8
o
Bx for papaya and 6
o
Bx for strawberry) was mixed 
with extraction solution (4% poly-vinyl-poly-pyrolidone (PVPP), 1% Titron X 100, in Sodium 
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Phosphate buffer pH 6.5).  The extract was homogenized at 4ºC (ice bath) using a Polytron 
homogenizer by Kinematica™ (Model PT 10/35, Kinematica, Luzern, Switzerland).  
Homogenization time was kept to a minimum to reduce damage to proteins, e.g. peroxidase 
found in papaya or strawberry nectar.  The extract was centrifuged at 1,250xg at 4ºC for 40 
minutes.  Supernatant was removed and placed into Eppendorf tubes.  If extract was not clear, 
additional centrifugation was necessary.  Sample extract was mixed with 0.05 M sodium 
phosphate buffer (pH 6.5).  To this 1% p-phenylenediamine (in 0.05 M sodium phosphate buffer) 
solution and 1.5% hydrogen peroxide was added.  After vortexing, change in absorbance was 
monitored (10 minutes) at 485 nm using a spectrophotometer (Spectronic E10185 Genesys 2, 
Spectronic Instruments, Garforth, UK).  Samples were run in triplicate and results recorded as 
Optical Density (OD)/min/g.   
Limitations:  Reagents utilized in the assay, especially p-phenylenediamine, have short shelf 
lives, once prepared, resulting in dramatic changes in final results if not handled properly.  To 
minimize this, reagents were prepared daily and kept refrigerated until needed.   
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2.3.    Synergism Experimental Design and Statistical Analysis 
 
2.3.1.  Experimental Design 
 Different ratios of papaya and strawberry nectar blends were examined to determine if a 
synergistic relationship exists compared to each fruit independently upon processing.  Three 
distinct blends were examined: 25% papaya:75% strawberry (25P:75S), 50% papaya:50% 
strawberry (50P:50S), and 75% papaya:25% strawberry (75P:25S).  Each blend underwent 
thermal (UHT) and non-thermal (irradiation) processing as described in Sections 2.1.3 and 
2.1.4.2, respectively.  After processing, the nutritional value and enzymatic activity of the blends 
were analyzed as outlined in Sections 2.2.1 and 2.2.2, respectively, and compared to 100% 
papaya (100P) and 100% strawberry (100S) controls.  
 
2.3.2. Simulation of Expected Values 
 As the number of replications increase in an experimental design, the more accurately 
predictions can be made and the more powerful statistical analysis becomes (Liu 2014).  In an 
ideal experiment an infinite number of replications would be performed, but this is unrealistic in 
a research setting.  Based on resources available, samples were run in triplicate for each 
processing technique and respective treatment level.  To increase the accuracy of simulated 
values a matrix model was applied to observed data.  This model generates every possible 
expected value based on the three replications collected for each treatment level.  An example of 
this modeling is shown below for hypothetical Sample P and Sample S (Table 2.1).    
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Sample P 
Sample S 
25% Papaya: 75% Strawberry 
S1 S2 S3 
P1 (0.25*P1)+(0.75*S1) (0.25*P1)+(0.75*S2) (0.25*P1)+(0.75*S3) 
P2 (0.25*P2)+(0.75*S1) (0.25*P2)+(0.75*S2) (0.25*P2)+(0.75*S3) 
P3 (0.25*P3)+(0.75*S1) (0.25*P3)+(0.75*S2) (0.25*P3)+(0.75*S3) 
 
50% Papaya: 50% Strawberry 
S1 S2 S3 
P1 (0.5*P1)+(0.5*S1) (0.5*P1)+(0.5*S2) (0.5*P1)+(0.5*S3) 
P2 (0.5*P2)+(0.5*S1) (0.5*P2)+(0.5*S2) (0.5*P2)+(0.5*S3) 
P3 (0.5*P3)+(0.5*S1) (0.5*P3)+(0.5*S2) (0.5*P3)+(0.5*S3) 
 
75% Papaya: 25% Strawberry 
S1 S2 S3 
P1 (0.75*P1)+(0.25*S1) (0.75*P1)+(0.25*S2) (0.75*P1)+(0.25*S3) 
P2 (0.75*P2)+(0.25*S1) (0.75*P2)+(0.25*S2) (0.75*P2)+(0.25*S3) 
P3 (0.75*P3)+(0.25*S1) (0.75*P3)+(0.25*S2) (0.75*P3)+(0.25*S3) 
Table 2.1. Theoretical matrix modeling to generate expected values for Sample P and Sample S. 
 
 Each matrix generates nine expected values for a specific blend at a specific treatment 
level.  These expected values can be averaged and statistically analyzed to determine if they are 
significantly different from observed values.   
 
2.3.3. Statistical Analysis for Observed vs. Expected Values 
 Once expected values were simulated, statistical analysis was required to determine if a 
difference existed between observed values and expected values (Liu 2014).  To carry out the 
analysis, Statistical Analysis Software (SAS Institute, Inc., Cary, NC) was utilized using α≤ 0.05.  
In the first stage of analysis, all data was tested for normality.   
 If the data were found to be normal (p > 0.05), the t-test procedure was utilized (Liu 2014).  
Since observed values and expected values came from different distributions, with potentially 
different sources of variability, equality of variance testing was performed to determine which 
type of t-test to use.  To determine equality of variance, the Folded F value was calculated.  If (p 
> F) was greater than 0.05, variance of the two means was determined to not be significantly 
different, and a Pooled t-test was used.  If (p > F) was less than 0.05, variance between the two 
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means was found to be unequal and the Satterthwaite t-test was used.  In either case, if (p > t) 
was greater than 0.05, observed values were not significantly different from expected values, and 
if (p > t) was less than 0.05, observed values were found to be significantly different from 
expected values.  
 If sample data were not found to be normally distributed (p < 0.05), then the Wilcoxon 
Rank Test (Mann-Whitney U-test) was utilized (Liu 2014).  If (p > U) was greater than 0.05, 
observed values were not significantly different from expected values, but if (p > U) was less 
than 0.05, observed values were significantly different from expected values.   
 Using the results from the above tests, if observed values were found to be significantly 
greater than expected values, this suggests a possible synergistic relationship. If observed values 
were significantly indifferent from expected values, this suggests a possible additive relationship. 
If observed values were significantly less than expected values, this suggests a possible anergetic 
relationship (Liu 2014).  These relationships, and the application of statistics discussed here are 
examined further in Chapter V.       
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2.4.  Data Analysis 
 All samples were run in triplicate and compared to an unprocessed control (Liu 2014).  
Analysis of Variance (ANOVA) was used to determine significant differences at a 95% 
confidence interval (α≤ 0.05) using Statistical Analysis Software (SAS Institute, Inc., Cary, NC).  
Tukey’s Studentized Range (HSD) and Scheffe’s mean separation was also utilized where 
necessary using a 95% confidence interval (α≤ 0.05).    All basic statistical calculations such as 
averages, standard deviations, standard errors, and coefficients of variance were calculated using 
Microsoft Office Excel 2003™. 
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Chapter III – Impact of novel thermal and non-thermal processing techniques on the 
nutritional value and antioxidant capacity of papaya and strawberry nectars 
 
3.1. Introduction 
Fruits contain a wide array of nutrients which exhibit a variety of health benefits to 
consumers.  Many studies have reported that increased consumption of fruits rich in antioxidants 
could be associated with such benefits as promotion of good vision, healthy growth and 
reproduction as well as reduced risk of chronic diseases, such as certain types of cancer and 
diabetes (Kandaswami and Middleton 1997; Ong and Choo 1997; Weisburger 1997; Pinto and 
others 2010).  Papaya is notable for its high content of ascorbic acid, carotenoids, phenolics, 
potassium and fiber (Liebman 1992).  Papaya contains approximately 1,080 mg/L of ascorbic 
acid, higher than strawberry, mango or orange (Lim and others 2007; Parker and others 2010), in 
addition to having a higher flavonoid content than all other Mauritian exotic fruits, except guava, 
examined by Luximon-Ramma and others (2003).  Similarly, strawberries contain high levels of 
ascorbic acid, ellagic acid, and flavonoids, i.e., anthocyanin, catechin, quercetin and kaempferol 
(Hannum 2004).  Both fruits exhibit high antioxidant capacities and health promoting benefits 
(Wu and others 2004; Joseph and others 2009).   
Though papaya and strawberry have great potential to increase human health, availability 
of these fruits is limited; both fruits have extremely short shelf lives and tend to be seasonal 
fruits.  This results in over 50% of papaya not reaching consumers due to quality loss during 
harvesting and shipping and similar losses of strawberries due to softening and molding during 
shipping (Moraga and others 2006).  To counteract these losses and extend shelf lives, traditional 
thermal processing is often employed; however, the nutritional value and overall product quality 
may be severely compromised by this processing technique, thereby reducing the potential health 
benefits and acceptance of these fruits to humans (Fraeye and others 2009; Patras and others 
2009; Rawson and others 2011).  As a result, it is important to determine the impact that novel 
thermal and non-thermal techniques such as ultra high temperature (UHT), high pressure 
processing (HPP) and irradiation have on the nutrient value, antioxidant capacity and product 
quality of these fruits.  Understanding the impact that each processing technique has on the fruit 
nectars will allow for an extended shelf life, with enhanced nutrient value and product quality 
making it possible for consumption of these highly nutritious fruits, with their numerous health 
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benefits, worldwide.   
 
Objective 
Determine how novel thermal and non-thermal processing strategies, i.e., UHT, HPP and 
irradiation impact papaya and strawberry nectar nutrient content and antioxidant capacity, 
compared to traditional thermal processing. 
   
Hypothesis 
Novel processing techniques will result in greater nutrient retention and higher 
antioxidant capacity compared to traditional thermal processing. 
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3.2. Results and Discussion 
 
3.2.1. Impact of Processing on Ascorbic Acid Content 
 
Traditional Thermal Processing 
To understand the impact of thermal processing on ascorbic acid in papaya and 
strawberry nectars, D and Z values were calculated for each fruit.  D value refers to decimal 
reduction time, or the time required to initiate a 90% reduction of, in this case, ascorbic acid.  
Papaya and strawberry respond similarly to elevated temperatures (Table 3.1; Fig. 3.1.a), with no 
significant difference in D value between each fruit at each temperature examined.  As 
temperature increased, both fruits experienced a significant reduction in D value (p = 0.0001), 
indicating that increasing temperatures result in an increased rate of ascorbic acid loss.  Rapid 
and significant ascorbic acid reductions in apple, strawberry nectar, as well as tomato and carrot 
purees were also observed after thermal processing (Klopotek and others 2005; Patras and others 
2009b; Queiroz and others 2011).  In this study, papaya and strawberry experienced a 35.1% and 
35.5% reduction in ascorbic acid content, respectively at 80
o
C for 10 minutes and 47.7% and 
49.4% reduction, respectively at 130
o
C for 10 minutes, with similar ascorbic acid reductions in 
blackberry and strawberry purees observed by Patras and others (2009).  Though both fruits 
respond similarly to increasing temperature overall, papaya resisted ascorbic acid loss better at 
lower temperatures compared to strawberry.  Significant D value reduction occurred at 90
o
C for 
strawberry, whereas significant D value reduction did not occur until 120
o
C for papaya.  The 
mechanism for this resistance is unclear, but may be attributed to the slightly higher total sugar 
content of papaya (8
o
Bx for papaya vs. 6
o
Bx for strawberry), resulting in papaya having a higher 
heat capacity compared to strawberry, or an inherent difference in papayas’ pulp structure.  Even 
with the slight difference in resistance to ascorbic acid reduction, these findings highlight the 
importance of minimizing processing temperature and time to preserve the native ascorbic acid 
found in both fruits. 
Using the D values for both fruits, Z values were also calculated (Table 3.1; Fig. 3.1.b, 
3.1.c).  Z value refers to the change in temperature required to induce a 90% reduction in D 
value, and helps to optimize processing temperature based on the desired retention of certain 
constituents, such as ascorbic acid content in fruits.  The Z values for papaya and strawberry 
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were 270.3 ± 12.8ºC and 303.0 ± 28.1ºC, respectively.  This indicates that strawberry is slightly 
more resistant to ascorbic acid loss compared to papaya when an equivalent temperature 
fluctuation is applied to each fruit; however, based on variance in the data, this difference is 
insignificant (p = 0.0572).  The Z values obtained were larger than expected, and may be partly 
dependent upon the chosen experimental parameters.  Capillary tubes used to process fruit 
samples were sealed, with low concentrations of oxygen present in the headspace and minimal 
aeration of the samples due to lack of mixing.  The resulting low oxygen environment may have 
slowed oxidative ascorbic acid loss, contributing to the higher than expected Z values (Gregory 
1985; Klopotek and others 2005; Dhuique-Mayer and others 2007).  Future research should 
examine a larger span of temperatures to improve the accuracy of these processing calculations.   
 
Ultra High Temperature (UHT) Processing 
 UHT was designed to bracket temperatures utilized in traditional thermal processing 
discussed above, but with much shorter time exposures, ~1-3 seconds (Table 3.2; Fig. 3.2.a, 
3.2.b).  UHT processed papaya and strawberry experienced significant loss of ascorbic acid 
compared to the control at 20
o
C as temperature increased, 27.4% and 20.0%, respectively (p = 
0.0001, p = 0.0001).  Purple sweet potatoes processed at 110
o
C for 8.6 seconds lost nearly all 
original ascorbic acid content, emphasizing the importance of keeping processing time to a 
minimum (Wang and others 2012).  Since papaya ascorbic acid reduction was greater (Table 
3.2), this suggests that strawberry is slightly more resistant than papaya to ascorbic acid loss 
across temperatures examined.  This trend is further supported by the fact that papaya had 
consistent significant reductions in ascorbic acid at each temperature examined, whereas 
strawberry experienced significant reduction followed by a slight, but insignificant reduction in 
ascorbic acid between 110
o
C and 135
o
C.  This may indicate that strawberry resists ascorbic acid 
loss better at higher temperatures compared to papaya.   
 
High Pressure Processing (HPP) 
For strawberry, there was no significant difference between the samples and the 
atmospheric controls, except for 20
o
C-600 MPa, indicating that pressure alone had minimal 
impact on ascorbic acid content (Table-Fig 3.3).  This was confirmed by Patras and others (2009) 
wherein different pressures had no significant impact on ascorbic acid content in blackberry and 
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strawberry puree.  At 20
o
C, as pressure increased, a significant reduction (9.66%) in ascorbic 
acid concentration was observed (p = 0.0001, Table 3.3).  A similar study by Patras and others 
(2009b) reported a nearly identical pressure induced impact, with 90% ascorbic acid content 
retained in tomato puree after processing at 600 MPa.  Surprisingly, at the same temperature, the 
atmospheric control experienced a significant 14.7% reduction in ascorbic acid content (p = 
0.0001, Table 3.3).  The same trend was seen with the 60
o
C samples; pressure treated samples 
experienced a slight 4.43% reduction in ascorbic acid content and the atmospheric control had a 
slightly larger 6.65% reduction.  Since the atmospheric controls were consistently exposed to 
either 20
o
C or 60
o
C, completely independent of increasing pressure, the reason for the decline in 
ascorbic acid content observed in the controls with increasing pressure is unclear, and likely 
attributed to extrinsic factors in the experimental design.  Even with this ambiguity, since 
pressure treated samples and atmospheric controls were treated identically, other than application 
of pressure, comparisons can still be made.  At both temperatures the pressure treated samples 
retained slightly more ascorbic acid compared to their atmospheric control counterparts, 
suggesting that high pressure acted to slightly preserve ascorbic acid retention.  The reason for 
this increased retention is unclear, but may be linked to fruit structure softening (Section 3.2.4), 
wherein HPP changed the structure of the fruit pulp releasing ascorbic acid which was previously 
undetected.  Though the data suggest increased pressure may slightly enhance ascorbic acid 
retention, differences observed are insignificant, with temperature being mainly responsible for 
reductions overall.  Keeping temperature constant at 20
o
C or 60
o
C resulted in ascorbic acid loss 
as discussed above, and increasing temperature from 20
o
C to 60
o
C, independent of pressure, 
resulted in an even greater significant 33.6% reduction in ascorbic acid content (p = 0.0001), 
with similar reductions seen by Zhang and others (2011).  In contrast, a study done by Polydera 
and others (2003) concluded that addition of thermal treatment caused enhanced pressure 
induced reduction of ascorbic acid in orange juice, highlighting how different fruits may respond 
differently to HPP.   
 
Irradiation 
As irradiation dose increased, both papaya and strawberry experienced a significant 
reduction (p = 0.0001) in ascorbic acid content, 28.4% and 27.8%, respectively (Table 3.4: Fig. 
3.4.a, 3.4.b).  Similar reductions in ascorbic acid content were also seen in peach and cut mango 
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after irradiation, as well as minimal losses in papaya nectar (Boylston and others 2002; Fan and 
Sommers 2012; Sogi and others 2012; Zaman and others 2013).  Though papaya and strawberry 
experienced similar ascorbic acid losses (Table 3.4), slight differences in ascorbic acid 
degradation can be gleaned; papaya experienced a consistent and significant reduction in 
ascorbic acid with increasing radiation dose, whereas the rate of ascorbic acid loss in strawberry 
slightly waned with increasing irradiation.  This is a minor observation, but may indicate the 
ability of strawberry to better resist ascorbic acid loss at high radiation doses compared to 
papaya.       
  
3.2.2. Impact of Processing on Carotenoid Concentration 
 
Traditional Thermal Processing 
 Both increasing temperature and processing time impacted carotenoid concentration in 
papaya nectar (Table-Fig. 3.5.a, 3.5.b, 3.5.c).  Significant reduction in β-cryptoxanthin 
concentration (33.8%) took place at 2 minutes at 80
o
C and remained constant thereafter             
(p = 0.0001).  At 110
o
C, significant reduction was observed at 2 minutes (36.6%), with only 
trace levels of β-cryptoxanthin remaining thereafter (p = 0.0001).  Similarly, after less than 2 
minutes of processing at 130
o
C, only trace levels of β-cryptoxanthin remained in papaya nectar 
(p = 0.0001).  Generally, as processing time increased, β-cryptoxanthin concentration decreased 
and as temperature increased, the rate of β-cryptoxanthin reduction also increased.  A similar 
finding was reported for orange juice processed at 90°C for a relatively short processing time (30 
seconds) resulting in minimal change to β-cryptoxanthin concentration (Lee and others 2003).  
Since β-cryptoxanthin concentrations were extremely low (Table 3.5.a), near the detection 
threshold (~5µg/100g) of the HPLC detector, exact trends were unable to be determined at 
elevated temperatures and extended processing times.  These low concentrations were considered 
to be trace levels and any changes that may have occurred were insignificant.   
At 80
oC a similar significant reduction in β-carotene concentration took place after 2 and 
5 minutes (32.7%); however, at 10 minutes, a significant increase in concentration occurred, but 
still resulted in an overall significant 13.5% reduction (p = 0.0001, Table 3.5.b).  At 110
o
C,
 β-
carotene concentration significantly decreased at 2 minutes (50.8%), continued to significantly 
decrease at 5 minutes (69.8%) and significantly increased at 10 minutes with an overall 
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significant decrease of 27.8% (p = 0.0001).  A similar trend was observed at 130
oC, wherein β-
carotene concentration significantly decreased (72.9%) at 2 minutes, continued to significantly 
decrease (89.6%) at 5 minutes and then slightly increased at 10 minutes with an overall 
significant 86.2% decrease in
 β-carotene concentration (p = 0.0001).  Across all temperatures, β-
carotene concentration significantly decreased at 2 and 5 minutes and began to increase 
significantly at 80
o
C and 110
o
C, at 10 minutes.  This release of β-carotene from the fruit matrix 
resulted in overall significant losses, but at 80
o
C and 110
o
C release at 10 minutes resulted in less 
β-carotene reduction than at 2 minutes.  This suggests that keeping processing temperature and 
time to a minimum helps retain β-carotene concentration, supported by the fact that minimally 
processed orange juice (90°C for 30 seconds) resulted in no significant change to β-carotene 
concentration (Lee and others 2003), but at 80
o
C and 110
o
C, processing at 10 minutes results in 
similar or lesser reductions in free β-carotene compared to 2 minutes.  
Unlike the other carotenoids, at 80
o
C lycopene concentration did not significantly change 
as processing time increased (Table 3.5.c).  At 110
o
C, however, lycopene concentration 
significantly decreased (8.95%) at 2 minutes; at 5 minutes the concentration continued to 
significantly decrease (32.9%), and at 10 minutes a significant increase was observed, with an 
overall significant reduction of 25.1% (p = 0.0001).  Similar to 110
o
C, at 130
o
C lycopene 
concentration significantly decreased (19.2%) at 2 minutes, continued to significantly decrease 
(45.6% at 5 minutes and then significantly increased at 10 minutes with an overall significant 
20.7% reduction.  Interestingly, at 110
o
C, lycopene retention was greater at 2 and 5 minutes than 
at 130
o
C, but at 10 minutes 130
o
C had significantly greater lycopene retention than 110
o
C, due to 
its greater release of lycopene from the fruit matrix.  Even with this release, concentrations at 10 
minutes were still significantly less than original lycopene concentration.  This indicates that 
processing at 80
o
C across all processing times examined is optimal since minimal change to 
lycopene concentration was observed.   
Overall, β-carotene was most negatively impacted by increasing temperature and 
processing time, whereas lycopene was most resilient to traditional thermal processing; this was 
also observed by the Senate Commission on Food Safety (2007).  A decrease in carotenoid 
concentration between 2 and 5 minutes, followed by release of carotenoids from the fruit matrix 
at 10 minutes was experienced several times after thermal processing.  The reason for similar 
carotenoid retention at 10 minutes and in the control at 0 minutes can be linked to thermal 
 - 60 - 
 
processing and fruit structure softening (Section 3.2.4).  As processing time increased from 0 
minutes to between 2 and 5 minutes, elevated temperature negatively impacted carotenoid 
content, but then began to change the structure of the fruit pulp (Anthon and Barrett 2006), 
releasing carotenoids which were previously undetected.  This release may explain the 
unexpected increase in concentration at extended processing times.  Other reasons for increased 
carotenoid concentration after thermal processing may be due to greater extractability and 
enzymatic degradation (Puupponen-Pimiä and others 2003; Yongato and others 2012). 
 
Ultra High Temperature (UHT) Processing 
As temperature increased, an initial decrease followed by an overall increase in 
carotenoid concentration was observed (Table 3.6; Fig. 3.6.a, 3.6.b, 3.6.c).  β-cryptoxanthin 
slightly decreased from 20
o
C to 110
o
C, but significantly increased (34.2%) at 135
o
C (p = 
0.0001).  β-carotene concentration was significantly reduced at 80oC and 110oC (22.5%) and 
significantly increased at 135
o
C, with an overall slight 6.26% increase (p = 0.0001).  Similar to 
the other carotenoids, lycopene concentration slightly decreased from 20
o
C to 80
o
C, significantly 
decreased (10.8%) at 110
o
C, and then significantly increased at 135
o
C with a slight 8.31% 
increase overall (p = 0.0021).  Reduction in carotenoid concentration took place from 80
o
C to 
110
o
C, but at 135
o
C release of carotenoids from the fruit matrix occured resulting in 
concentrations equivalent or slightly greater than the control at 20
o
C.  Other studies showed that 
total carotenoids and individual carotenoids exhibited no significant increase after UHT, 
reinforcing the impact of different fruit varietals and importance of processing parameters on 
overall carotenoid concentration (Zulueta and others 2006; Huang and others 2013).  The reason 
for similar carotenoid retention at 20
o
C and 135
o
C in this study can be linked to elevated 
temperature and fruit structure softening (Section 3.2.4).  As temperature increased from 20
o
C to 
between 80
o
C and 110
o
C, temperature increase negatively impacted carotenoid concentration, 
but then began to change the structure of the fruit pulp at 135
o
C (Anthon and Barrett 2006), 
releasing carotenoids which were previously undetected.  This release may explain the 
unexpected increase in concentration at high temperatures.  Other reasons for increased 
carotenoid concentration after UHT may be due to greater extractability and enzymatic 
degradation (Puupponen-Pimiä and others 2003; Yongato and others 2012).  Overall, β-
cryptoxanthin was most resilient to increasing temperatures, having the greatest increase in 
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concentration; β-carotene and lycopene had similar overall slight increases in concentration, but 
were statistically equivalent to the control.  Optimal processing of all carotenoids took place at 
135
o
C, with 80
o
C and 110
o
C, being less desirable.      
 
Irradiation 
The effect that irradiation had on carotenoid concentration was dependent on the specific 
carotenoid examined (Table 3.7; Fig. 3.7.a, 3.7.b, 3.7.c).  As irradiation dose increased, β-
cryptoxanthin concentration slightly decreased from 0 kGy to 5 kGy, significantly decreased 
(41.1%) at 7.5 kGy and significantly increased at 10 kGy (p = 0.0081), mirroring the 
concentration at 0 kGy.  A similar initial decrease followed by an increased carotenoid content 
was seen in β-carotene and lycopene.  With increasing irradiation dose, β-carotene concentration 
slightly decreased from 0 kGy to 5 kGy, significantly decreased (31.2%) at 7.5 kGy and slightly 
increased at 10 kGy, with an overall slight decrease of 19.4% (p = 0.0075).  Lycopene 
concentration slightly decreased from 0 kGy to 2.5 kGy, significantly decreased at 5 kGy and 7.5 
kGy (41.8%) and then slightly increased, but still had an overall slight decrease (26.6%) as 
irradiation dose increased (p = 0.0046).   
Irradiation at 2.5 kGy resulted in no significant loss in carotenoid concentration; similar 
results were obtained in a study conducted by Beyers and others (1979) on papaya and mango.  
Irradiation at 7.5 kGy resulted in decreased carotenoid concentration with a release in 
carotenoids from the fruit matrix observed at 10 kGy for all carotenoids examined.  The increase 
at 10 kGy resulted in concentrations which were significantly indifferent from the control at 0 
kGy.  This suggests that optimal processing is achieved at 2.5 kGy or 10 kGy and processing at 5 
kGy or 7.5 kGy resulted in greatest overall loss in concentration.  The reason for similar 
carotenoid retention at 0 kGy and 10 kGy can be linked to irradiation and fruit structure 
softening (Section 3.2.4).  As irradiation dose increased from 0 kGy to between 5 kGy and 7.5 
kGy, irradiation negatively impacted carotenoid content, but then began to change the structure 
of the fruit pulp, releasing carotenoids which were previously undetected.  This may explain the 
unexpected increase in concentration at high irradiation doses.  Overall, β-cryptoxanthin was the 
most resilient to increasing irradiation, mirroring the concentration of the control; lycopene was 
the most sensitive, encountering the greatest overall loss, but still statistically indifferent from 
the control. 
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3.2.3. Impact of Processing on Antioxidant Capacity 
 
Traditional Thermal Processing 
In order to fully understand the effects of thermal processing on antioxidant capacity of 
papaya and strawberry nectars, several temperature and time combinations were examined.  
Looking at the data overall, there were no clear trends observed, indicating that antioxidant 
capacity may be unique to each specific temperature and time combination (Table 3.8.a, 3.8.b; 
Fig. 3.8.a, 3.8.c).  To further understand underlying trends that may exist, the data was 
transformed irrespective of both processing time and temperature.  It was found that irrespective 
of time, temperature had statistically significant effects on antioxidant capacity of papaya and 
strawberry (p = 0.0094, p = 0.0001), but these effects had no discernable pattern and varied 
depending on the specific temperature examined. 
Irrespective of temperature, however, some trends were able to be gleaned (Table 3.8.c; 
Fig. 3.8.b, 3.8.d). As processing time increased, a slight upward trend (8.83%) in papaya 
antioxidant capacity was observed (p = 0.0137).  Strawberry, however, experienced a significant 
increase (15.3%) in antioxidant capacity as processing time increased (p = 0.0031).  In both 
fruits, the antioxidant capacity either remained relatively constant, or significantly increased with 
increasing processing time, even though overall ascorbic acid and carotenoid concentration, 
known antioxidants, generally decreased with increasing processing time (Table 3.1, 3.5.a-c; Fig. 
3.1.a, 3.5.a-c); this was also observed by the Senate Commission on Food Safety (2007).   
Other studies have shown similar decreases in antioxidant compounds, such as reduction 
of carotenoid concentration in papaya purees after thermal processing (Ahmed and others 2002).  
Thermally treated strawberries also experienced a 33% decrease in radical scavenging potential 
and anthocyanin concentration compared to their unprocessed counterparts (Patras and others 
2009).  This suggests that the majority of papaya and strawberry antioxidant capacity may be 
comprised of other less thermally labile fruit constituents, such as certain phenolic compounds.  
Another explanation may be fruit structure softening (Section 3.2.4), wherein thermal processing 
caused changes to papaya and strawberry pulp structure.  As temperature and processing time is 
increased, turgor pressure within the cell also increases to a point at which cell membrane 
rupture occurs (Anthon and Barrett 2006).  This rupturing may release antioxidant constituents 
which were previously undetected.     
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Ultra High Temperature (UHT) Processing 
Both papaya and strawberry nectars experienced significant increases in antioxidant 
capacity as temperature increased (Table 3.9; Fig. 3.9.a, 3.9.b).  Antioxidant capacity of papaya 
significantly increased at 80
o
C (6.92%), remained relatively constant at 110
o
C and significantly 
increased again at 135
o
C (p = 0.0001), with an overall 15.2% increase.  Research carried out by 
Zulueta and others (2006) found that total antioxidant capacity of UHT processed papaya slightly 
decreased, but this decrease was not significant.  The same study attributed this slight decrease to 
loss in certain phenolic compounds, but overall UHT processed papaya was able to maintain 
nutrient profiles, such as vitamin A and carotenoid concentration from natural degradation.  
Papaya’s ability to retain certain nutrient profiles after UHT, may explain the increase in 
antioxidant capacity observed in this study.  Similarly, antioxidant capacity in strawberry 
remained relatively constant at 20
o
C and 80
o
C, significantly increasing at 110
o
C and remained 
relatively constant thereafter (p = 0.0001), with an overall 9.82% increase (Table 3.9).  In 
another study, similar retention of overall antioxidant capacity of strawberry was found, with 
UHT processed strawberry maintaining the highest overall antioxidant capacity among fruits 
such as grapes, apples, passion fruit, oranges and mangoes (Rau De Almeida Callou and others 
2010).   
Since papaya antioxidant capacity began to significantly increase at a lower temperature 
compared to strawberry (80
o
C vs 110
o
C), and since papaya experienced a greater antioxidant 
capacity increase compared to strawberry (15.2% vs 9.82%), this suggests that the inherent 
structure of papaya may be slightly more prone to decay as temperature increases compared to 
strawberry (Table 3.9).  This increased susceptibility to cellular breakdown in papaya may result 
in greater release of antioxidants which were previously undetected.  In both fruits, the 
antioxidant capacity either remained relatively constant, or significantly increased with 
increasing processing temperature, even though ascorbic acid and carotenoid concentration, 
known antioxidants, generally decreased with increasing processing temperature (Table 3.2, 3.6; 
Fig. 3.2.a-b, 3.6.a-c).  This suggests that the majority of papaya and strawberry antioxidant 
capacity may be comprised of other less thermally labile fruit constituents such as certain 
phenolic compounds.  This is supported by the fact that anthocyanins and phenolic compounds in 
strawberries remained after UHT (Rau de Almeida Callou and others 2010).  Another 
explanation may be fruit structure softening (Section 3.2.4), wherein UHT causes changes to 
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papaya and strawberry pulp structure.  As temperature increases, the turgor pressure within the 
cell also increases to a point at which cell membrane rupture occurs (Anthon and Barrett 2006).  
This rupturing may release antioxidant constituents which were previously undetected; 
explaining increases in antioxidant capacity observed.     
 
High Pressure Processing (HPP) 
There was no significant impact of HPP on antioxidant capacity of strawberry nectar (p = 
0.5700) across all pressures and temperatures (Table-Fig 3.10).  Similar research found that HPP 
had minimal effect on nutrient value, such as anthocyanin concentration of strawberry supporting 
the retention of antioxidant capacity experienced here (Zabetakis and others 2000; Rastogi and 
others 2007; Patras and others 2009; Gamlath and Wakeling 2011).  Since there was no 
significant difference between pressure treated samples and atmospheric controls at 20ºC or 60ºC 
(Table 3.10), this indicates that pressure alone had minimal impact on strawberry antioxidant 
capacity.  The same trend can be seen when temperature or pressure is increased, resulting in no 
significant impact on antioxidant capacity.  As pressure increased from 200 MPa to 600 MPa, 
and temperature remained constant at 60ºC, a slight, but insignificant upward trend (4.09%) in 
antioxidant capacity was observed (p = 0.5700).       
  
Irradiation 
Irradiation had a favorable effect on antioxidant capacity for both papaya and strawberry 
nectars as dosage increased (Table 3.11; Fig. 3.11.a, 3.11.b).  Papaya antioxidant capacity 
significantly increased (21.0%) after 2.5 kGy of irradiation and remained relatively constant 
thereafter (p = 0.0001).  Strawberry experienced a similar trend wherein a significant increase in 
antioxidant capacity (33.8%) occurred at 5 kGy of irradiation and stayed relatively constant 
thereafter (p = 0.0010).  Even though papaya antioxidant capacity began to significantly increase 
at a lower irradiation dose compared to strawberry (2.5 kGy vs. 5 kGy), strawberry experienced 
the greatest increase overall.  One reason for strawberries increased antioxidant capacity may be 
linked to retention of quercetin and ellagic acid derivatives after irradiation as suggested by 
Breitfellner and others (2002a).  They also reported that at 3 kGy there were no significant losses 
of flavonoid components or ellagic acid derivatives in strawberries, resulting in minimal effects 
on overall antioxidant properties.  Since ascorbic acid content significantly decreased in 
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strawberry nectar after irradiation (Table 3.4; Fig. 3.4.b), this suggests that this nutrient is not a 
major contributor to overall antioxidant capacity; other more thermally labile compounds, like 
phenolics, which increased in mango after exposure to radiation (Sogi and others 2012), may be 
responsible for observed results.   
Papaya also experienced significant reductions in ascorbic acid and carotenoid 
concentrations (Table 3.4, 3.7; Fig 3.4.a, 3.7.a-c), indicating that other more thermally labile 
compounds, like phenolics, may be responsible for the observed retention of antioxidant 
capacity.  In contrast, similar research carried out on papaya showed that ascorbic acid and 
carotenoid content was unaffected by irradiation, highlighting the variability seen across 
different varietals of fruit (Boylston and others 2002).  Another reason for the increased 
antioxidant capacity in both fruits may be attributed to fruit structure softening (Section 3.2.4), 
where irradiation caused changes to the fruit structure releasing antioxidant constituents into the 
nectar which were previously undetected; explaining observed increases in antioxidant capacity. 
 
3.2.4. Impact of Processing on Fruit Structure 
 Transmission Electron Microscopy (TEM) uses a beam of electrons to visualize ultra-thin 
samples, with resolution up to a single column of atoms.  The sample absorbs and scatters 
electrons from the beam, and contrast is created based on sample thickness and material 
composition.  Samples used in this study were the same samples utilized for analytical assays, 
and were prepared by embedding in epoxy, staining with uranyl acetate and lead citrate, and 
sectioning at 60nm width.  The literature was considered for appropriate labeling of the cellular 
components (Becker and Deamer 1991; Campbell 1996; Berns 2007; Monteiro and others 2012).  
The cellular components that were consistently visible included cell walls, nucleic acids, and 
plastids or vacuoles, with the occasional intact nucleus, or mitochondria. 
 
Traditional Thermal Processing 
 The major effect of thermal processing on papaya was an apparent softening of the fruit 
ultrastructure.  Major disruptions were not seen in samples processed for 5 minutes until 130°C 
(Fig. 3.12.a.iii, image B), where there was rarely any semblance of cellular organization with all 
cellular material grouped into larger compartments.  At 110°C (Fig. 3.12.a.ii, images A-C), 
ultrastructure was not significantly interrupted until 10 minutes of processing, which 
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demonstrated a similar effect as 130°C for 5 minutes.  Samples processed at 80°C were the most 
preserved, maintaining mostly intact cell walls, and organization of cellular compartments (Fig. 
3.12.a.i, images A-C).  In strawberry, thermal processing caused slight deformations of cell 
walls, and delicate ultrastructure was lost beginning at 80°C for 10 minutes (Fig. 3.12.b.i, image 
C).  As treatment intensity increased, cell walls became increasingly amorphous in shape, and all 
organization was lost.  Samples processed for 10 minutes at all temperatures showed an 
increased contrast in the border of cell walls, suggesting materials were concentrating on the cell 
walls in the extracellular space (Fig. 3.12.b.i-iii, image C). 
 There was no noticeable effect on nucleic acids in papaya.  Certain samples showed 
denaturing and fragmentation, and others remained intact, seemingly unrelated to treatment level.  
Plastids were sparse on all samples, including controls, with the exception of the 110°C for 5 
minutes sample (Fig. 3.12.a.ii, image B), which showed the most intact ultrastructure of all 
samples imaged.  This is likely due to variation introduced after freezing and sectioning.  In 
strawberries, groups of nucleic acids gained contrast, suggesting clusters of denser material.  The 
number of plastids present within cell walls, particularly at cellular junctions, increased 
dramatically with processing.   
 The effect of thermal processing as visualized through imaging paralleled the observed 
changes in nutrient content.  The increase in material concentration surrounding cell walls in the 
extracellular space could provide an explanation for the increase in antioxidant capacity for both 
fruits and carotenoid concentration in papaya processed for 10 minutes at all temperatures (Table 
3.8.a-c, 3.5.a-c).  In strawberry, the loss of shape in the cell wall could allow permeability of 
more compounds in the intracellular space.  Phenolic and flavonoid antioxidants could have 
associated along cell walls after rupturing of the chromoplasts and cellular compartments, due to 
their lipophilic nature. (Krinsky 1988).  The increase in material concentration was primarily 
inter-membrane or in extracellular space; this could increase measurement capability of 
analytical assays including the contents of the otherwise intact cellular compartments (Table 
3.8.b-c).  A similar effect was seen in papaya samples, with darker contrast surrounding cell 
walls in the extracellular space.  This effect correlates with the data in a similar fashion as 
strawberry; increased rupturing of cell walls as well as an increase in material concentration in 
extracellular spaces, particularly in 130°C processed samples (Fig. 3.12.b.iii) could indicate an 
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increase in measured antioxidant capacity (Table 3.8.a, 3.8.c) as a result of softening of the fruit 
matrix. 
 
Ultra High Temperature (UHT) Processing 
 Papaya samples experienced increased destruction of the cellular environment with 
increased temperature; strawberries were similarly affected.  Beginning at 80°C in papaya (Fig. 
3.13.a, image B), cell walls began to collapse and much larger compartments of cellular material 
formed.  This effect progressed with increasing temperature.  By 135°C (Fig 3.13.a, image D), 
many membranes were completely fractured and cellular material congregated around cell walls.  
In strawberries, 110°C was sufficient to destroy all fine texture in the ultrastructure (Fig. 3.13.b, 
image C).  The dark contrast of the cell walls began to disappear, and all cellular compartments 
appeared to darken. 
 The presence of plastids in papaya was not significantly impacted, however, at 135°C, 
they began to conglomerate with other cellular material, specifically nucleic acids, and often in 
extracellular compartments (Figure 3.13.a).  A similar effect on plastids was seen in strawberry, 
but to a more significant extent.  As temperature increased, plastids and nucleic acids were 
bound together in progressively denser masses.  At 135°C almost all plastids and nucleic acids 
were clustered together (Figure 3.13.b).  Nucleic acids in papaya became more denatured and 
fragmented with increasing temperature, and began to associate with membranes; the same effect 
was seen in the nucleic acids in strawberry. 
 The overall weakening of cell walls and apparent dispersion of cellular material can be 
paralleled with the effects of UHT on nutrient content.  Softening of the cellular ultrastructure 
from thermal processing (Heldman and Hartel 1999) could cause a release of otherwise bound 
nutrients into the intra- or extracellular space, allowing detection by analytical assays. The 
destruction of ultrastructure which began at 80°C in papaya, and 110°C in strawberry correlated 
to their respective increases in antioxidant capacity, as there was an increase in total antioxidant 
capacity seen with papaya processed at 80°C and strawberry at 110°C (Table 3.9).  The effect on 
plastids seen in 135°C treated papaya could explain the increase in carotenoid concentration 
(Table 3.6), by means of releasing lipid droplets containing carotenoids from cellular 
compartments allowing for detection by analytical methods. 
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High Pressure Processing (HPP) 
 High pressure processing of strawberries had minimal impact on ultrastructure, with the 
exception of the 60°C-600 MPa sample which showed fracturing of cell walls, and a 
disorganized cellular environment (Fig. 3.14.ii, image C).  At either temperature, 600 MPa 
pressure appeared to have a major impact on the integrity of cell walls.  With 20°C-600 MPa 
treatment, small sections along the cell wall expanded into the intracellular space forming small 
gaps between cell junctions (Fig. 3.14.i).  The cell wall in the 60°C-600 MPa sample appeared to 
have expanded out completely, having encountered a large increase in width when compared 
with samples treated with less pressure, as well as significant fracturing and disorganization (Fig. 
3.14.ii, image C). The effect on nucleic acids seemed to be dependent on pressure, as there was 
little difference between the 20°C and 60°C controls, whereas nucleic acids became more 
denatured and fragmented as pressure increased.  Samples treated under atmospheric pressure 
generally experienced the same effects as the pressurized samples, but to a lesser extent; the gaps 
were also present in the 20°C atmospheric control sample to a lesser degree (Fig. 3.14.i, image 
F). 
  The correlation between structural changes and the effects on nutrient content with HPP 
of strawberry was ambiguous.  However, when comparing the 60°C-600 MPa sample with 80°C 
thermally processed samples, the effect of processing was similar.  This correlates with the 
similar effects on nutrient content between these samples (Table 3.1, 3.3, 3.8.a-c, 3.10), further 
suggesting that any effect of HPP on nutrient content is more dependent on temperature, than 
pressure.  
 
Irradiation 
 Irradiation resulted in significant overall changes to the ultrastructure of papaya.  
Beginning at 2.5 kGy, there was a clear breakdown of cell walls and membranes (Fig. 3.15.a).  
All fine texture present in the cell wall, as well as the overall organization of the cellular 
environment of the 0 kGy control was lost after 2.5 kGy.  The 2.5 kGy samples showed damaged 
cell walls, with this effect becoming more dramatic as treatment level increased, as evident by 
the 10 kGy samples showing a complete lack of order in cellular material.  Strawberry samples 
showed resistance to these destructive effects, and maintained an intact ultrastructure; dark-
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contrasting regions contained within the cell walls, however, lost density as irradiation dose 
increased, suggesting a possible dispersion or loss of material (Fig. 3.15.b). 
 Nucleic acids in papaya were affected beginning with the 7.5 kGy irradiated samples 
(Fig. 3.15.a).  Seemingly, the DNA from individual cells grouped into large conglomerations of 
darker contrast, implying a denser material.  By 10 kGy of irradiation, nucleic acids were densely 
packed in much fewer and larger groups, surrounded by disintegrated cellular membranes.  
Strawberry samples showed denaturation of nucleic acids beginning at 5 kGy; increasing in 
extent with processing (Fig. 3.15.b).   
 The presence of plastids in papaya was also heavily influenced by treatment intensity.  
Many plastids texture the 0 kGy control with small dark-contrasting dots (Fig. 3.15.a).  By 2.5 
kGy the number of visible plastids and their size were reduced drastically.  At 7.5 and 10 kGy, 
the number of plastids was still small, however thin streaks of dark matter coated both 
intracellular and outer sections of cell walls.  This could potentially be caused by rupturing of the 
plastids, releasing their contents into the cellular environment.  Many of these plastids are likely 
chromoplasts, which contain lipid droplets harboring carotenoids (Vasquez-Caicedo and others 
2007; Monteiro and others 2012); thus the dark matter coating the cell walls may be carotenoids 
released from ruptured chromoplasts.  Irradiation of strawberry had minimal effect on the 
presence of plastids (Fig. 3.15.b).  
 The effect of irradiation on papaya nectar seen with TEM imaging correlates with the 
effects on nutrient content and enzymatic activity. With the lowest level of treatment, the number 
of visible plastids was drastically reduced.  As treatment level increased, the cellular structure of 
the fruit was damaged, gradually breaking down, seemingly releasing the contents of cells into 
the surrounding environment.  These processes could explain an increase in measured carotenoid 
concentration and antioxidant capacity in 10 kGy samples (Table 3.7, 3.11), by means of 
releasing bound nutrients, making them more readily available to analytical methods.  Similar 
claims can be made about strawberry samples, which showed a dramatic decrease in contrast 
within the cell walls and intercellular spaces, beginning with 5 kGy treated samples; the loss of 
contrast within the intercellular space could be due to a release of bound nutrients.  This effect 
correlated with the significant increase in antioxidant capacity starting at 5 kGy (Table 3.11), by 
means of making those bound nutrients available to analytical methods. 
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3.2.5. Summary 
 The impact that novel thermal and non-thermal techniques, i.e. ultra high temperature 
(UHT), high pressure processing (HPP) and irradiation have on ascorbic acid content, carotenoid 
concentration, antioxidant capacity and fruit structure is compared to traditional thermal 
processing below. 
 
Ascorbic Acid Content    
Processing of papaya and strawberry nectars across all techniques examined resulted in 
significant ascorbic acid reduction.  Traditional thermal processing encountered the greatest 
ascorbic acid reduction across all temperatures; as temperature increased, D value decreased, 
meaning that the rate of ascorbic acid loss increased.  UHT and irradiation, at highest treatment 
levels, resulted in moderate reductions in ascorbic acid content, slightly less than traditional 
thermal processing at 80
o
C.  HPP of strawberry at 20
o
C resulted in the greatest ascorbic acid 
retention, 90.4% as pressure increased.  At 60
o
C-600 mPa, ascorbic acid loss (36.5%) was 
slightly greater than both UHT and irradiation, and similar to traditional thermal processing at 
80
o
C.  Pressure alone had minimal impact on ascorbic acid loss and losses observed for HPP are 
mainly due to increased temperature. 
 
Carotenoid Concentration 
Traditional thermal processing resulted in the greatest impact to overall concentration of 
carotenoids in papaya nectar compared to the other processing techniques.  Overall, β-carotene 
was most negatively impacted by increasing temperature and processing time, whereas lycopene 
was most resilient to traditional thermal processing.  UHT resulted in the greatest overall 
retention of carotenoid concentration, with β-cryptoxanthin being most resilient to increasing 
temperature, having the greatest increase in concentration.  Irradiation had moderate impacts on 
carotenoid concentration with β-cryptoxanthin being the most resilient to increasing irradiation, 
mirroring the control and lycopene, the most sensitive, encountering the greatest loss, but still 
statistically indifferent from the control. 
Across all processing techniques, for nearly all carotenoids, as treatment level increased, 
carotenoid concentration decreased, significantly at times, followed by a release of carotenoids 
from the fruit matrix at the highest treatment level examined; the reason for this was most likely 
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due to fruit structure softening.  Carotenoid concentration was negatively impacted at moderate 
treatment levels, but as treatment intensity increased, changes to cellular structure occurred, 
releasing carotenoids which were previously undetected; explaining the increase in carotenoid 
concentration experienced at elevated treatment levels.        
 
Antioxidant Capacity 
Antioxidant capacity, across all processing techniques and treatment levels, in papaya 
and strawberry nectars, either remained constant, or significantly increased, even though ascorbic 
acid and carotenoid concentrations generally decreased as discussed above.  Antioxidant capacity 
after traditional thermal processing was most influenced by processing time, rather than 
temperature; increasing processing time resulted in a slight increase in antioxidant capacity for 
papaya and a significant increase for strawberry.  UHT resulted in similar increases in 
antioxidant capacity.  Irradiation had the greatest impact on antioxidant capacity, whereas HPP 
had no significant impact on antioxidant capacity in strawberry nectar. Upward trends in 
antioxidant capacity may be attributed to fruit structure softening with treatment levels examined 
causing changes to fruit structure, releasing antioxidant constituents which were previously 
undetected. 
 
TEM Imaging of Fruit Structure – Fruit Structure Softening 
The major affects of fruit processing seen in this study were differences in the nature of 
the cell wall and cellular organization, as well as the increased concentration of plastids and 
other unknown materials in extracellular spaces.  Based on the significance of these effects, it is 
likely that there are other trends and structural changes caused by processing to intact fruit 
matrices; however, these changes were likely masked by sample pre-processing, and irrelevant 
for the processing of pulped fruit.  Thermal processing resulted in the greatest disruption in 
ultrastructure across all processing techniques investigated.  This was reflected in the effect of 
thermal processing on ascorbic acid and carotenoid concentration, which encountered the 
greatest reduction after thermal processing.  UHT and irradiation resulted in a more moderate 
deformation of the cellular environment; both techniques caused increasing damage to cell walls 
with increased treatment intensity.  HPP was the least disruptive of all techniques explored.  At 
either temperature (20 or 60
o
C), only 600 MPa resulted in similar damage to cell walls compared 
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to the other techniques.  The minimal impact that HPP had on cellular organization was reflected 
in insignificant changes to overall antioxidant capacity in strawberry nectar across all 
temperatures and pressure combinations examined. 
 
3.2.6. Conclusions   
Traditional thermal processing resulted in the greatest reduction in ascorbic acid and 
carotenoid concentration, with moderate impact on antioxidant capacity.  UHT had moderate 
effects on both ascorbic acid content and antioxidant capacity and exhibited the greatest retention 
in carotenoid concentration.  HPP had minimal impact on antioxidant capacity, but resulted in 
the greatest overall retention of ascorbic acid at 20
o
C in strawberry nectar.  Irradiation had 
moderate effects on ascorbic acid and carotenoid concentration, with the greatest overall increase 
in antioxidant capacity.  Upward trends in antioxidant capacity and increase in carotenoid 
concentration at elevated treatment levels was attributed to fruit structure softening, confirmed 
through TEM imaging of papaya and strawberry pulp structure.  This suggests that novel thermal 
and non-thermal techniques result in enhanced nutrient retention and antioxidant capacity in 
papaya and strawberry nectars compared to traditional thermal processing.         
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3.3. Tables 
 
Traditional Thermal Processing 
Temperature (
o
C) 
D Value for Ascorbic Acid (min) 
100% Papaya 100% Strawberry 
80 52.83
ab
 ± 2.57 56.03
a 
± 1.68 
90 52.59
ab 
± 2.82 45.95
bcd 
± 1.03 
100 48.66
abc 
± 1.01 48.41
abc 
± 2.40 
110 48.27
abc 
± 1.80 45.81
bcd 
± 2.00 
120 38.69
de 
± 1.95 42.95
cde 
± 1.45 
130 34.94
e 
± 0.24 36.41
e 
± 0.81 
 
Z Value 270.3
a
 ± 12.8 
o
C 303.0
a 
± 28.1 
o
C 
Table 3.1.  D Value (min) and Z value (
o
C) for papaya and strawberry nectar ascorbic acid 
concentration after thermal processing in circulating silicone oil immersion bath.  Results given 
as average ± SE.  All respective D and Z values with the same letters are not significantly 
different (Tukey’s Studentized Range (HSD) (α≤ 0.05)). 
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UHT Processing 
Temperature (
o
C) 
Ascorbic Acid Concentration (mg/L) 
100% Papaya 100% Strawberry 
20 586.20
a 
± 1.70 409.98
a 
± 1.43 
80 536.29
b 
± 4.82 382.92
b 
± 2.33 
110 471.16
c 
± 3.79 342.55
c 
± 4.12 
135 425.59
d 
± 7.87 328.10
c 
± 6.15 
Table 3.2. Ascorbic acid concentration (mg/L) in papaya and strawberry nectars after ultra high 
temperature (UHT) processing for 1-3 s.  Results given as average ± SE. Values for each 
individual fruit with the same letters are not significantly different (Tukey’s Studentized Range 
(HSD) and Scheffe’s Test (α ≤ 0.05)).  
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High Pressure Processing 
Temperature (
o
C), 
Pressure (MPa) 
Ascorbic Acid Concentration (mg/L) 
100% Strawberry 
Pressure Treated Atmospheric Control 
20, 200 345.09
a 
± 4.56 343.17
ab 
± 1.48 
20, 400 322.49
cd 
± 1.85 327.15
bc 
± 5.46 
20, 600 310.03
d 
± 4.55 292.69
e 
± 4.35 
60, 200 225.03
f 
± 2.58 227.85
f 
± 3.06 
60, 400 222.73
f 
± 1.94 227.85
f 
± 1.46 
60, 600 217.75
f 
± 0.95 216.51
f 
± 1.43 
Table 3.3. Ascorbic acid concentration (mg/L) in strawberry nectar after high pressure 
processing.  Results given as average ± SE. Values with the same letters are not significantly 
different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Irradiation Processing 
Radiation Dose (kGy) 
Ascorbic Acid Concentration (mg/L) 
100% Papaya 100% Strawberry 
0 628.24
a 
± 6.69 619.74
a 
± 9.20 
2.5 584.47
b 
± 2.29 539.43
b 
± 1.99 
5 532.98
c 
± 1.39 508.33
c 
± 5.65 
7.5 501.59
d 
± 6.07 488.30
c 
± 2.28 
10 449.80
e 
± 4.74 447.54
d 
± 0.91 
Table 3.4. Ascorbic acid concentration (mg/L) in papaya and strawberry nectar after processing 
using a Cobalt-60 irradiator.  Results given as average ± SE. Values for each individual fruit with 
the same letters are not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Traditional Thermal Processing 
Temperature (
o
C) 
β-Cryptoxanthin Concentration (µg/100 g) 
Time (min) 
0 2 5 10 
80 10.28
a 
± 0.55 7.01
b 
± 0.011 6.79
b 
± 0.010 6.29
b 
± 0.015 
110 9.96
a 
± 0.71 6.31
b 
± 0.015 Trace
c
 Trace
c
 
130 10.15
a 
± 0.35 Trace
c
 Trace
c
 Trace
c
 
Table 3.5.a. β-cryptoxanthin concentration given as average µg/100 g. ± SE for papaya after 
thermal processing in circulating silicone oil immersion bath.  Values with the same letters are 
not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Traditional Thermal Processing 
Temperature (
o
C) 
β-Carotene Concentration (µg/100 g) 
Time (min) 
0 2 5 10 
80 126.46
a 
± 1.58 90.52
c 
± 1.87 85.12
c 
± 3.00 109.44
b 
± 1.82 
110 121.82
a 
± 0.72 59.96
d 
± 3.41 36.76
e 
± 1.09 88.08
c 
± 1.32 
130 122.96
a 
± 1.93 33.28
e 
± 1.01 12.74
f 
± 0.57 16.98
f 
± 0.92 
Table 3.5.b. β-carotene concentration given as average µg/100 g. ± SE for papaya nectar after 
thermal processing in circulating silicone oil immersion bath.  Values with the same letters are 
not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Traditional Thermal Processing 
Temperature 
(
o
C) 
Lycopene Concentration (µg/100 g) 
Time (min) 
0 2 5 10 
80 1277.61
a 
± 14.92 1221.01
ab 
± 32.27 1284.02
a 
± 51.94 1284.99
a 
± 13.96 
110 1287.08
a 
± 63.89 1171.83
b 
± 60.43 863.03
e 
± 36.04 964.37
d 
± 19.19 
130 1266.04
a 
± 32.18 1022.75
c 
± 16.78 688.92
f 
± 37.46 1004.32
c 
± 55.04 
Table 3.5.c. Lycopene concentration given as average µg/100 g. ± SE for papaya after thermal 
processing in circulating silicone oil immersion bath.  Values with the same letters are not 
significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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UHT Processing 
Temperature (
o
C) 
Carotenoid Concentration (µg/100 g) 
β-Cryptoxanthin β-Carotene Lycopene 
20 23.85
a
 ± 0.082 231.74
a
 ± 5.03 2350.26
ab 
± 48.24 
80 21.54
a
 
 
± 0.067 213.37
b
 ± 5.35 2267.67
bc
 ± 24.56 
110 21.25
a
 ± 0.40 181.30
c
 ± 2.87 2095.92
c
 ± 74.31 
135 36.26
b
 ± 1.41 247.22
a
 ± 5.80 2563.34
a
 ± 58.48 
Table 3.6. Carotenoid concentration given as average µg/100 g. ± SE for papaya nectar after 
ultra high temperature processing for 1-3 s.  Values for each individual carotenoid with the same 
letters are not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Irradiation Processing 
Radiation Dose (kGy) 
Carotenoid Concentration (µg/100 g) 
β-Cryptoxanthin β-Carotene Lycopene 
0 19.58
a
 ± 1.51 212.43
a
 ± 13.74 1343.10
a
 ± 65.50 
2.5 19.30
a 
± 1.41 197.52
a
 ± 2.71 1177.15
ab
 ± 97.41 
5 15.33
ab
 ± 1.09 151.97
ab
 ± 9.47 912.86
bc 
± 64.22 
7.5 13.80
b
 ± 0.47 108.08
b
 ± 8.85 781.45
c
 ± 93.56 
10 19.91
a
 ± 0.72 171.30
ab
 ± 9.28 985.24
abc
 ± 78.15 
Table 3.7. Carotenoid concentration given as average µg/100 g. ± SE for papaya nectar after 
processing using a Cobalt-60 irradiator.  Values for each individual carotenoid with the same 
letters are not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Traditional Thermal Processing 
Temperature 
(oC) 
Antioxidant Capacity (µmol TE/g) for Papaya 
Time (min) 
0 0.5 1 2 3 5 10 
80 3.14 ± 0.15 2.92 ± 0.052 3.27 ± 0.18 3.17 ± 0.14 3.04 ± 0.16 3.01 ± 0.17 3.77 ± 0.20 
90 2.79 ± 0.10 3.37 ± 0.10 3.07 ± 0.22 3.67 ± 0.27 3.71 ± 0.074 3.22 ± 0.033 3.32 ± 0.18 
100 3.26 ± 0.086 2.35 ± 0.0050 2.71 ± 0.077 3.12 ± 0.066 2.93 ± 0.015 3.35 ± 0.092 2.43 ± 0.16 
110 3.70 ± 0.16 3.24 ± 0.18 3.44 ± 0.081 2.86 ± 0.14 3.00 ± 0.14 2.84 ± 0.0045 3.35 ± 0.13 
120 3.10 ± 0.26 3.08 ± 0.0079 3.35 ± 0.030 2.67 ± 0.10 2.93 ± 0.14 2.72 ± 0.12 3.75 ± 0.017 
130 2.76 ± 0.065 2.58 ± 0.15 3.05 ± 0.043 3.21 ± 0.12 3.19 ± 0.0027 3.54 ± 0.037 3.96 ± 0.20 
Table 3.8.a. Oxygen Radical Absorbance Capacity (ORAC) values given as average µmol 
Trolox Equivalents/g ± SE for papaya nectar after thermal processing in circulating silicone oil 
immersion bath. 
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Traditional Thermal Processing 
Temperatur
e (oC) 
Antioxidant Capacity (µmol TE/g) for Strawberry 
Time (min) 
0 0.5 1 2 3 5 10 
80 9.87 ± 0.68 13.69 ± 0.60 12.00 ± 0.0038 10.35 ± .25 11.04 ± 0.088 11.85 ± 0.42 11.019 ± 0.39 
90 12.57 ± 0.21 12.15 ± 0.13 13.070 ± 0.29 12.60 ± 1.33 13.43 ± 0.33 13.38 ± 0.78 16.88 ± 0.49 
100 14.49 ± 0.51 14.47 ± 0.70 13.24 ±0.13 12.47 ± 0.33 13.32 ± 0.56 13.44 ± 0.16 14.52 ± 0.80 
110 13.98 ± 0.033 13.47 ± 0.66 13.34 ± 0.42 15.47 ± 0.093 16.35 ± 0.95 15.61 ± 0.38 15.11 ± 1.10 
120 12.45 ± 0.76 13.33 ± 0.93 13.25 ± 0.27 13.91 ± 0.60 15.15 ± 0.35 14.15 ± 0.58 15.81 ± 1.037 
130 13.53 ± 0.29 14.37 ± 0.040 14.14 ± 0.28 16.38 ± 0.66 16.13 ± 1.47 16.15 ± 0.72 17.39 ± 0.83 
Table 3.8.b. Oxygen Radical Absorbance Capacity (ORAC) values given as average µmol 
Trolox Equivalents/g ± SE for strawberry nectar after thermal processing in circulating silicone 
oil immersion bath. 
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Traditional Thermal Processing 
Time (min) 
Antioxidant Capacity (µmol TE/g) 
100% Papaya 100% Strawberry 
0 3.13
ab 
± 0.14 12.82
a 
± 0.67 
0.5 2.92
b 
± 0.16 13.58
ab 
± 0.34 
1 3.15
ab 
± 0.11 13.17
a 
± 0.28 
2 3.12
ab 
± 0.14 13.53
ab 
± 0.90 
3 3.13
ab 
± 0.12 14.24
ab 
± 0.83 
5 3.11
ab 
± 0.13 14.10
ab 
± 0.65 
10 3.43
a 
± 0.23 15.12
b 
± 0.93 
Table 3.8.c. Oxygen Radical Absorbance Capacity (ORAC) values given as average µmol 
Trolox Equivalents/g ± SE irrespective of temperature for papaya and strawberry nectars after 
thermal processing in circulating silicone oil immersion bath.  Values for each individual fruit 
with the same letters are not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 
0.05)). 
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UHT Processing 
Temperature (
o
C) 
Antioxidant Capacity (µmol TE/g) 
100% Papaya 100% Strawberry 
20 7.42
a 
± 0.031 11.99
a 
± 0.052 
80 8.14
b 
± 0.067 11.93
a 
± 0.068 
110 8.01
b 
± 0.048 13.10
b 
± 0.10 
135 8.74
c 
± 0.098 13.99
b 
± 0.11 
Table 3.9. Oxygen Radical Absorbance Capacity (ORAC) given as average µmol Trolox 
Equivalents/g ± SE for papaya and strawberry nectars after ultra high temperature processing for 
1-3 s.  Values for each individual fruit with the same letters are not significantly different 
(Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)). 
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High Pressure Processing 
Temperature (
o
C), 
Pressure (MPa) 
Antioxidant Capacity (µmol TE/g) 
100% Strawberry 
Pressure Treated Atmospheric Control 
20, 200 18.74
a
± 0.29 17.74
a
± 0.28 
20, 400 18.21
a
± 0.25 18.42
a
± 0.34 
20, 600 18.60
a
± 0.43 18.38
a
± 0.27 
60, 200 18.10
a
± 0.12 18.53
a
± 0.50 
60, 400 18.64
a
± 0.20 18.11
a
± 0.27 
60, 600 18.87
a
± 0.29 18.36
a
± 0.16 
Table 3.10. Oxygen Radical Absorbance Capacity (ORAC) values given as average µmol 
Trolox Equivalents/g ± SE for strawberry nectar after high pressure processing.  Values with the 
same letters are not significantly different (Tukey’s Studentized Range (HSD) and Scheffe’s Test 
(α ≤ 0.05)). 
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Irradiation Processing 
Radiation Dose (kGy) 
Antioxidant Capacity (µmol TE/g) 
100% Papaya 100% Strawberry 
0 1.92
a 
± 0.042 19.05
a 
± 0.71 
2.5 2.45
bc 
± 0.030 19.27
a 
± 1.19 
5 2.28
b 
± 0.025 26.75
bc 
± 1.15 
7.5 2.47
c 
± 0.052 23.76
b 
± 0.22 
10 2.43
bc 
± 0.031 28.77
c 
± 0.74 
Table 3.11. Oxygen Radical Absorbance Capacity (ORAC) values given as average µmol 
Trolox Equivalents/g ± SE for papaya and strawberry nectars after processing using a Cobalt-60 
irradiator.  Values for each individual fruit with the same letters are not significantly different 
(Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 - 88 - 
 
3.4. Figures 
 
 
Fig. 3.1.a. D Value (min) for papaya and strawberry nectar ascorbic acid concentration after 
thermal processing in circulating silicone oil immersion bath.  Results given as average ± SE.  
Values with the same letters are not significantly different (Tukey’s Studentized Range (HSD) 
(α≤ 0.05)). 
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Fig. 3.1.b.  Z Value (ºC) for papaya nectar ascorbic acid concentration after thermal processing 
in circulating silicone oil immersion bath.  Results given as average ± SE.  
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Fig. 3.1.c.  Z Value (ºC) for strawberry nectar ascorbic acid concentration after thermal 
processing in circulating silicone oil immersion bath.  Results given as average ± SE. 
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Fig. 3.2.a. Ascorbic acid concentration (mg/L) in papaya after ultra high temperature processing 
for 1-3 s.  Results given as average ± SE. Values with the same letters are not significantly 
different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 3.2.b. Ascorbic acid concentration (mg/L) in strawberry nectar after ultra high temperature 
processing for 1-3 s.  Results given as average ± SE. Values with the same letters are not 
significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 3.3. Ascorbic acid concentration (mg/L) in strawberry nectar after high pressure processing.  
Results given as average ± SE. Values with the same letters are not significantly different 
(Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 3.4.a. Ascorbic acid concentration (mg/L) in papaya nectar after processing using a Cobalt-
60 irradiator.  Results given as average ± SE. Values with the same letters are not significantly 
different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)). 
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Fig. 3.4.b. Ascorbic acid concentration (mg/L) in strawberry nectar after processing using a 
Cobalt-60 irradiator.  Results given as average ± SE.  Values with the same letters are not 
significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 3.5.a. β-cryptoxanthin concentration given as average µg/100 g. ± SE for papaya nectar after 
thermal processing in circulating silicone oil immersion bath.  Values with the same letters are 
not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 3.5.b. β-carotene concentration given as average µg/100 g. ± SE for papaya nectar after 
thermal processing in circulating silicone oil immersion bath.  Values with the same letters are 
not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 3.5.c. Lycopene concentration given as average µg/100 g. ± SE for papaya nectar after 
thermal processing in circulating silicone oil immersion bath.  Values with the same letters are 
not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 3.6.a. β-cryptoxanthin concentration given as average µg/100 g. ± SE for papaya nectar after 
ultra high temperature processing for 1-3 s.  Values with the same letters are not significantly 
different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 3.6.b. β-carotene concentration given as average µg/100 g. ± SE for papaya nectar after ultra 
high temperature processing for 1-3 s.  Values with the same letters are not significantly different 
(Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 3.6.c. Lycopene concentration given as average µg/100 g. ± SE for papaya nectar after ultra 
high temperature processing for 1-3 s.  Values with the same letters are not significantly different 
(Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 3.7.a. β-cryptoxanthin concentration given as average µg/100 g. ± SE for papaya nectar after 
processing using a Cobalt-60 irradiator.  Values with the same letters are not significantly 
different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 3.7.b. β-carotene concentration given as average µg/100 g. ± SE for papaya nectar after 
processing using a Cobalt-60 irradiator.  Values with the same letters are not significantly 
different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 3.7.c. Lycopene concentration given as average µg/100 g. ± SE for papaya nectar after 
processing using a Cobalt-60 irradiator.  Values with the same letters are not significantly 
different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 3.8.a. Oxygen Radical Absorbance Capacity (ORAC) values given as average µmol Trolox 
Equivalents/g ± SE for papaya nectar after thermal processing in circulating silicone oil 
immersion bath. 
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Fig. 3.8.b. Oxygen Radical Absorbance Capacity (ORAC) values given as average µmol Trolox 
Equivalents/g ± SE irrespective of temperature for papaya nectar after thermal processing in 
circulating silicone oil immersion bath.  Values with the same letters are not significantly 
different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)). 
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Fig. 3.8.c. Oxygen Radical Absorbance Capacity (ORAC) values given as average µmol Trolox 
Equivalents/g ± SE for strawberry nectar after thermal processing in circulating silicone oil 
immersion bath. 
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Fig. 3.8.d. Oxygen Radical Absorbance Capacity (ORAC) values given as average µmol Trolox 
Equivalents/g ± SE irrespective of temperature for strawberry nectar after thermal processing in 
circulating silicone oil immersion bath.  Values with the same letters are not significantly 
different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 3.9.a. Oxygen Radical Absorbance Capacity (ORAC) values given as average µmol Trolox 
Equivalents/g ± SE for papaya nectar after ultra high temperature processing for 1-3 s.  Values 
with the same letters are not significantly different (Tukey’s Studentized Range (HSD) and 
Scheffe’s Test (α ≤ 0.05)). 
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Fig. 3.9.b. Oxygen Radical Absorbance Capacity (ORAC) values given as average µmol Trolox 
Equivalents/g ± SE for strawberry nectar after ultra high temperature processing for 1-3 s.  
Values with the same letters are not significantly different (Tukey’s Studentized Range (HSD) 
and Scheffe’s Test (α ≤ 0.05)). 
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Fig. 3.10. Oxygen Radical Absorbance Capacity (ORAC) values given as average µmol Trolox 
Equivalents/g ± SE for strawberry nectar after high pressure processing.  Values with the same 
letters are not significantly different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 
0.05)). 
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Fig. 3.11.a. Oxygen Radical Absorbance Capacity (ORAC) values given as average µmol Trolox 
Equivalents/g ± SE for papaya nectar after processing using a Cobalt-60 irradiator.  Values with 
the same letters are not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 3.11.b. Oxygen Radical Absorbance Capacity (ORAC) values given as average µmol 
Trolox Equivalents/g ± SE for strawberry nectar after processing using a Cobalt-60 irradiator.  
Values with the same letters are not significantly different (Tukey’s Studentized Range (HSD) 
and Scheffe’s Test (α ≤ 0.05)).   
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Fig. 3.12.a.i. Transmission Electron Microscopy (TEM) images for papaya nectar after thermal 
processing in circulating silicone oil immersion bath at 80°C. 1=Cell Walls; 2=Nucleic Acids. 
 
 
Fig. 3.12.a.ii. Transmission Electron Microscopy (TEM) images for papaya nectar after thermal 
processing in circulating silicone oil immersion bath at 110°C. 1=Bacteria/Mitochondria; 2=Cell 
Walls; 3=Nucleic Acids. 
 
 
Fig 3.12.a.iii. Transmission Electron Microscopy (TEM) images for papaya nectar after thermal 
processing in circulating silicone oil immersion bath at 130°C. 1=Cell Walls; 2=Nucleic Acids. 
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Fig. 3.12.b.i. Transmission Electron Microscopy (TEM) images for strawberry nectar after 
thermal processing in circulating silicone oil immersion bath at 80°C.  1=Cell Walls; 2=Nucleic 
Acids. 
 
 
Fig. 3.12.b.ii. Transmission Electron Microscopy (TEM) images for strawberry nectar after 
thermal processing in circulating silicone oil immersion bath at 110°C.  1=Cell Walls; 2=Nucleic 
Acids. 
 
 
Fig. 3.12.b.iii. Transmission Electron Microscopy (TEM) images for strawberry nectar after 
thermal processing in circulating silicone oil immersion bath at 130°C.  1=Cell Walls; 2=Nucleic 
Acids.
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Fig. 3.13.a. Transmission Electron Microscopy (TEM) images for papaya nectar after ultra high temperature processing for 1-3 s.  
1=Cell Walls; 2=Nucleic Acids; 3=Plastids/Vacuoles. 
 
 
 
 
 
Fig. 3.13.b. Transmission Electron Microscopy (TEM) images for strawberry nectar after ultra high temperature processing for 1-3 s.  
1=Cell Walls; 2=Nucleic Acids; 3=Plastids/Vacuoles. 
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Fig. 3.14.i. Transmission Electron Microscopy (TEM) images for strawberry nectar after high pressure processing at 20°C.  1=Cell 
Walls; 2=Nucleic Acids; 3=Plastids/Vacuoles. 
 
 
 
 - 118 - 
 
 
Fig. 3.14.ii. Transmission Electron Microscopy (TEM) images for strawberry nectar after high pressure processing at 60°C.  1=Cell 
Walls; 2=Nucleic Acids; 3=Plastids/Vacuoles. 
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Fig. 3.15.a. Transmission Electron Microscopy (TEM) images at 2000 x magnification, for papaya nectar after processing using a 
Cobalt-60 irradiator.  1=Cell Walls; 2=Nucleic Acids; 3=Plastids/Vacuoles. 
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Fig. 3.15.a. (continued) Transmission Electron Microscopy (TEM) images at 4000 x magnification, for papaya nectar after 
processing using a Cobalt-60 irradiator.  1=Cell Walls; 2=Nucleic Acids; 3=Plastids/Vacuoles. 
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Fig. 3.15.b. Transmission Electron Microscopy (TEM) images for strawberry nectar after processing using a Cobalt-60 irradiator.  
1=Cell Walls; 2=Nucleic Acids; 3=Plastids/Vacuoles. 
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Chapter IV – Effect of novel thermal and non-thermal processing strategies on key 
deteriorative enzymes found in papaya and strawberry 
 
4.1. Introduction 
Naturally present enzymes in fruit carry out a variety of functions, from control of 
biochemical processes associated with ripening to contributing to color and flavor profiles. 
Overall quality and shelf life of fruit can be negatively impacted if the activities of certain 
enzymes are not sufficiently reduced through processing.  Key enzymes that result in these 
undesirable changes are closely examined to establish processing parameters to optimize product 
quality, product longevity, and overall nutrient value.   
Pectin methylesterase (PME, pectin esterase, EC 3.1.1.11) is the target enzyme for 
papaya.  PME is universal to plants and is also present in some bacteria and functions to de-
esterify methyl groups on pectin molecules within the cell wall.  This, in turn, regulates 
properties of the cell wall, resulting in corresponding changes in the quality of the fruit (Pelloux 
and others 2007).  If this enzyme is not reduced to low enough quantities during processing, an 
undesirable gel forms, resulting in reduced consumer acceptance (Fraeye and others 2009; Parker 
and others 2010).  The enzyme of concern for strawberries is peroxidase (POD, EC 1.11.1.7), an 
oxidoreductase which utilizes a variety of substrates and hydrogen donors - most commonly 
hydrogen peroxide - as part of their mechanism, specifically phenols in strawberry (Grambow 
and Langenbeck-Schwich 1983; Cheng and Breen 1991; Robinson 1991).  Failing to reduce this 
enzyme’s activity to low enough levels as a result of insufficient processing will lead to nutrient 
loss, browning, off-flavor production, and reduced shelf life of the fruit (Burnette 1977; Cano 
and Hernandez 1997; Terefe and others 2009).  Quantifying the enzymatic activity of each of 
these enzymes across different novel thermal and non-thermal processing techniques, i.e. ultra 
high temperature (UHT), high pressure processing (HPP) and irradiation, will allow tailoring of 
processing to result in the highest quality end product for the consumer.  
 
Objective 
To examine how novel thermal and non-thermal processing techniques, i.e. UHT, HPP 
and irradiation, affect key deteriorative enzymes such as PME in papaya and POD in strawberry 
compare to traditional thermal processing. 
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Hypothesis   
Novel thermal and non-thermal processing techniques examined will result in similar 
reduction of PME and POD activity, in papaya and strawberry nectars, compared to traditional 
thermal processing. 
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4.2.  Results and Discussion 
 
4.2.1. Impact of Processing on Pectin Methylesterase (PME) Activity 
Pectin methylesterase (PME) activity is of primary concern in papaya processing 
(Brommell and Harpster 2001), since failing to inactivate this enzyme to low enough 
concentrations results in undesirable gel formation.  This enzyme does not result in significant 
gel formation in strawberry nectar due to low concentrations of native PME, pectin and calcium, 
as well as the low pH of the fruit, but enzyme inactivation for this fruit is discussed below as a 
point of comparison to papaya; shedding light on the effect of different fruit matrices on 
inactivation of PME (Jongen 2002; Lacroix and others 2005; Prasanna and others 2007; 
Sampedro and others 2008; Slavov and others 2009).    
 
Traditional Thermal Processing 
Significant reduction in PME activity occurred in both papaya and strawberry nectars 
across all temperatures starting at 2 minutes, but with different rates of inactivation depending on 
the specific temperature examined (Table-Fig. 4.1.a, 4.1.b).  As temperature increased, rate of 
PME inactivation increased for both papaya and strawberry nectars, consistent with Fraeye and 
others (2009). Similar PME inactivations were also seen in an orange juice-milk beverage as 
temperature increased (Sampedro and others 2008; Sampedro and others 2009).  At 80
o
C, papaya 
PME activity significantly decreased (19.8%) at 2 minutes, remained relatively constant (23.7% 
inactivation) at 5 minutes, and significantly decreased again (46.5%) at 10 minutes (p = 0.0001, 
Table 4.1.a).  Gel formation slowed after processing at this temperature, with strong gels forming 
after 48 hours in the samples processed for 2 and 5 minutes (Table 4.1.c).  In the samples 
processed for 10 minutes a strong gel did not form until after 72 hours.  At 110
o
C, PME activity 
in papaya significantly decreased (29.0%) and continued to significantly decrease at 5 and 10 
minutes with inactivation of 71.5% and 81.2%, respectively (p = 0.0001, Table 4.1.a).  
Processing for 2 minutes prevented gel formation up to 48 hours with a strong gel forming after 
72 hours, but at 5 and 10 minutes gel formation was prevented completely (Table 4.1.c).  At 
130
o
C, PME activity in papaya significantly decreased (87.2%) at 2 minutes, and then continued 
to significantly decrease at 5 and 10 minutes, with losses of 99.0% and 99.1%, respectively (p = 
0.0001, Table 4.1.a).  All processing times resulted in complete prevention of gel formation at 
 - 125 - 
 
this temperature (Table 4.1.c).  Based on these observations, in order to completely prevent 
undesirable gel formation in papaya nectar, temperature-time combinations of 110
o
C for 5 
minutes must be achieved. 
At 80
o
C, strawberry PME activity significantly decreased (29.5%) at 2 minutes and 
continued to significantly decrease at 5 and 10 minutes with inactivations of 39.0% and 40.3%, 
respectively (p = 0.0001, Table 4.1.b).  At 110
o
C, PME activity in strawberry significantly 
decreased at 2 minutes (65.1%), significantly decreased further (91.6%) at 5 minutes and at 10 
minutes complete inactivation of PME activity occurred (p = 0.0001).  Similarly, at 130
o
C, PME 
activity in strawberry was significantly reduced at 2 and 5 minutes with inactivations of 91.6 and 
95.8%, respectively, and complete inactivation of PME occurred at 10 minutes (p = 0.00001).  
Since the native PME, pectin and calcium concentrations, as well as the fruit pH is low (Jongen 
2002; Lacroix and others 2005; Prasanna and others 2007; Sampedro and others 2008; Slavov 
and others 2009), no gel formation occurred in fresh strawberry pulp or after any of the 
temperature-time combinations examined (Table 4.1.d).  At equivalent temperatures, strawberry 
PME inactivation was generally greater compared to PME inactivation in papaya.  This suggests 
that the inherent structure of papaya may act to protect PME more effectively than the fruit 
structure of strawberry (Sampedro and others 2008), or slight differences in enzyme resistance to 
temperature between the two fruits.         
 
Ultra High Temperature (UHT) Processing 
UHT resulted in significant reduction in PME activity in both papaya and strawberry 
nectars (Table 4.2.a; Fig. 4.2.a, 4.2.b).  As temperature increased from 20
o
C to 80
o
C, a slight 
21.2% reduction in papaya PME activity occurred and at 110
o
C and 135
o
C, similar significant 
reductions of 98.0% and 98.8% occurred, respectively (p = 0.0001).  PME activity in strawberry 
significantly decreased (43.1%) from 20
o
C to 80
o
C and at 110
o
C and 135
o
C, similar significant 
reductions of 88.5% and 93.0% were observed, respectively (p = 0.0001).  Similar to the PME 
activity reductions seen in papaya and strawberry, apple juice and apricot nectar experienced 
near complete inactivation of PME  activity after UHT (Sanchez and others 2008; Huang and 
others 2013).  Interestingly, strawberry experienced a greater loss in PME activity at 80
o
C 
compared to papaya (43.1% vs. 21.2%), however, at elevated temperatures greater inactivation 
of PME activity occurred in papaya compared to strawberry (Table 4.2.a).  One reason for this 
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may be linked to papaya’s inherent structure being more susceptible to deformation at lower 
temperatures (Ahmed and others 2002; Sampedro and others 2008; Parker and others 2010), 
resulting in release of bound PME, which was later inactivated as temperature increased.  
Differences in thermal stability of PME in either fruit may also explain the observed results.  Gel 
formation in papaya nectar was completely prevented after UHT at 110
o
C (Table 4.2.b), 
consistent with Sanchez and others (2008). Again, no gel formation in strawberry was observed 
(Table 4.2.b) due to native PME, pectin and calcium concentrations as well as pH being low 
(Jongen 2002; Lacroix and others 2005; Prasanna and others 2007; Sampedro and others 2008; 
Slavov and others 2009).      
In order to achieve proper flow through the UHT machine, fresh fruit at 12
o
Bx had to be 
diluted to 2
o
Bx.  This dramatic dilution resulted in delayed gel formation and production of 
weaker gels than expected; this was seen by weak gels forming after 72 hours in the diluted 
control (Table 4.2.b), whereas fresh papaya formed strong gels within 24 hours.  Even with this 
dilution effect, based on data collected and PME activity extrapolated to 8.0
o
Bx, it was 
determined that UHT at 110
o
C is required for prevention of undesirable gel formation in papaya 
nectar.              
 
High Pressure Processing (HPP) 
Increased pressure and temperature acted to significantly reduce PME activity in 
strawberry nectar (Table 4.3.a, Fig. 4.3), with these findings supported by Sampedro and others 
(2009) with research carried out on a HPP orange juice-milk beverage as well as other fruits and 
vegetables (Smetanska and others 2013).  No significant change in PME activity occurred at 
20
o
C and 60
o
C independently at atmospheric pressure (Table 4.3.a); as temperature increased 
from 20
o
C to 60
o
C, however, a significant 26.0% reduction in PME activity was observed (p = 
0.0001).  This indicates that increasing temperature alone results in significant reduction in PME 
activity, which was consistent with research carried out by Polydera and others (2004) on orange 
juice.  At 20
o
C, as pressure increased from 200 MPa to 400 MPa, a slight reduction in PME 
activity was observed and at 600 MPa a significant 22.1% reduction in PME activity occurred (p 
= 0.0001, Table 4.3.a).  At 20
o
C-600 MPa PME activity was significantly less than the 
atmospheric control at the same temperature, indicating that pressure alone had a significant 
impact on reducing PME activity, consistent with findings by Riahi and Hosahalli (2003) on 
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pressure induced inactivation of PME in apple juice.  Similarly, at 60
o
C, as pressure increased 
from 200 MPa to 400 MPa, PME activity slightly decreased but at 600 MPa a significant 22.7% 
decrease was observed (p = 0.0001, Table 4.3.a).   
Research conducted by Eisenmenger and Reyes-De-Corcuera (2009) reported similar 
reduction in PME activity, but at lower pressures 200 MPa rather than 600 MPa observed here.  
Even though a significant reduction in PME activity occurred at 60
o
C-600 MPa in this study, 
PME activity was not significantly different from the atmospheric control counterpart, 
suggesting that temperature was responsible for a majority of reduction rather than the increase 
in pressure, consistent with research carried out by Polydera and others (2004) and Lacroix and 
others (2005) on orange juice.  As both temperature and pressure increased, an overall significant 
42.8% reduction in PME activity was observed (p = 0.0001, Table 4.3.a).  This indicates that 
increasing temperature from 20
o
C to 60
o
C results in significant reduction in PME activity, but 
when combined with pressure, inactivation as significantly enhanced (p = 0.0001), paralleling 
results found by Tomlin and others (2014).  The greatest pressure induced inactivation occured at 
20
o
C-600 MPa, and reductions observed at 60
o
C were a result of the combination of both 
increased temperature and increasing pressure (Table 4.3.a).  Interestingly, increasing 
temperature from 20
o
C to 60
o
C resulted in similar reduction in PME activity as increasing 
pressure at either 20
o
C or 60
o
C.  Since native PME, pectin and calcium concentrations as well as 
strawberry pH is low, as seen in Table 4.3.b, no gel formation occurred in fresh strawberry or 
after any pressure-temperature combinations examined (Jongen 2002; Lacroix and others 2005; 
Prasanna and others 2007; Sampedro and others 2008; Slavov and others 2009).    
 
Irradiation 
Papaya and strawberry PME activities were significantly impacted by irradiation (Table 
4.4.a; Fig. 4.4.a, 4.4.b), but reductions were not able to prevent gel formation in papaya nectar, 
consistent with research carried out by D'Innocenzo and Lajolo (2001) on papaya.  As irradiation 
dose increased, papaya experienced a 16.4% reduction in PME activity (p = 0.0001) and 
strawberry encountered a 44.5% reduction (p = 0.0004).  At each applied irradiation dose, 
papaya PME activity significantly decreased whereas strawberry PME activity reduction slightly 
tapered as irradiation dose increased.  Though strawberry PME reduction was greater than 
papaya, this may be a result of the extremely low concentrations of PME found in strawberry 
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rather than an irradiative effect.  Significant reductions in PME activity occurred after irradiation 
for papaya, but these reductions were not enough to prevent gel formation (Table 4.4.b); Parker 
and others (2010) also reported that processing of papaya at 5 kGy and 7.5 kGy was unable to 
prevent gel formation.  This indicates that irradiation on its own minimally impacts gel formation 
at doses examined.  Since native PME, pectin and calcium concentrations, as well as pH is low in 
strawberry, as seen in Table 4.4.b, gel formation did not occur in the fresh fruit or after any 
irradiation doses examined (Jongen 2002; Lacroix and others 2005; Prasanna and others 2007; 
Sampedro and others 2008; Slavov and others 2009).      
 
4.2.2. Impact of Processing on pH and Total Solids Content (Brix) 
As processing time increased an upward trend in pH was observed for both papaya and 
strawberry nectars after traditional thermal processing (Table 4.1.c, 4.1.d).  As temperature 
increased from 80
o
C to 130
o
C, rate of pH elevation also increased for both fruits.  Similarly, for 
UHT processed papaya and strawberry nectars, as temperature increased, an upward trend in pH 
was also experienced (Table 4.2.b).  Similar research conducted on apple juice, canned tomatoes 
and tomato juice and HTST processed tomatoes found that increasing thermal input resulted in 
an increase in pH (Hamdy and Gould 1962; Sapers and others 1978; Gancedo and Luh 1986; 
Charles-Rodriguez and others 2007).  The upward trend in pH in these studies was determined to 
be thermally induced, rather than a direct result of enzymatic activity.  Reasons for this upward 
trend were hypothysized to result from the evaporative nature of some organic acids found in the 
fruits and thermal inactivation of enzymes required to carry out the Krebs Cycle.  This was 
further supported by lowered observed concentrations of oxalic acid as processing temperature 
increased and decreases in citric acid with increases in amino N (generally less acidic than citric 
acid) after thermal treatment of tomato products. 
In contrast, both HPP and irradiation had minimal impact on pH in papaya and 
strawberry nectars (Table 4.3.b, 4.4.b).  This observation was also seen in non-thermally 
processed apple juice (Charles-Rodriguez and others 2007).  At 20
o
C and 60
o
C, as pressure 
increased, pH values were nearly identical to the atmospheric controls at the same temperature, 
indicating that pressure alone had minimal impact on pH in strawberry nectar (Table 4.3.b).  As 
temperature increased from 20
o
C to 60
o
C, however, pH in the atmospheric controls slightly 
increased, similar to traditional thermal and UHT processing.  Irradiation had minimal effect on 
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pH across all radiation doses examined for both papaya and strawberry nectars (Table 4.4.b).  
Based on this, thermal processing resulted in an upward trend in pH as treatment level increased, 
whereas non-thermal techniques such as HPP and irradiation minimally impacted pH.  The 
difference between thermal and non-thermal processing’s effect on pH is crucial when 
developing a microbiologically safe fruit nectar, as discussed below.  Unlike pH, across all 
processing techniques, and treatment levels, total soluble solids content (Brix), remained 
constant before and after processing (Table 4.1.c, 4.1.d, 4.2.b, 4.3.b, 4.4.b), similar to results 
found by Parker and others (2010) and Sinha and others (2012) for irradiated papaya nectar.  
When producing a shelf stable commercial product, such as a papaya or strawberry nectar 
beverage, which requires canning or bottling, it is critical to monitor pH.  Maintaining proper pH 
helps to prevent pathogenic microorganism growth as well as requiring less overall processing to 
produce a safe product.  Clostridium botulinum, a gram positive, spore-forming, anaerobic, 
exotoxin producing pathogen is of concern if processing conditions are not sufficient, or if pH is 
not kept below 4.6 (Townsend and others 1954; Sapers and others 1978; Preventing Foodborne 
Illness 2011).  Products with a pH of greater than 4.6 require additional processing, resulting in 
potentially greater nutrient loss, to produce a safe product.  The pH of 100% papaya nectar is 
greater than 4.6, whereas 100% strawberry nectar has a pH below this critical threshold (Table 
4.1.c, 4.1.d, 4.2.b, 4.3.b, 4.4.b).  Due to papaya’s high pH, more extensive processing would be 
required, compared to strawberry, to prevent C. botulinum growth.  To allow for less extensive 
processing, acidification of papaya nectar would be required, or natural reduction in pH through 
nectar blends (Chapter V).     
 
4.2.3. Impact of Processing on Peroxidase (POD) Activity 
Peroxidase (POD) is known to be one of the most thermally stable enzymes; as a result its 
activity is of primary concern in strawberry processing (Burnette 1977; Civello and others 1995; 
Cano and Hernandez 1997; Patras and others 2009).  Failing to inactivate this enzyme to low 
enough concentrations through insufficient processing will lead to nutrient loss, browning, off-
flavor production, and reduced shelf life of the fruit nectar 
This enzyme does not result in significant quality loss in papaya nectar, but enzyme 
inactivation for this fruit is discussed below as a point of comparison to strawberry, shedding 
light on the effect of different fruit matrices on inactivation of POD.    
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Traditional Thermal Processing 
POD activity in both papaya and strawberry nectars was significantly impacted by 
thermal processing (Table-Fig. 4.5.a, 4.5.b).  Surprisingly, across all processing times, increasing 
temperature from 80
o
C to 130
o
C had minimal impact on POD activity in both fruits; however, as 
processing time increased across all temperatures, significant reduction in POD activity 
occurred.  This trend is further supported, wherein extended processing times for green 
asparagus, rather than temperature, were proven to be more effective at ensuring POD 
inactivation, as well as control of POD activity during further storage (Tomás-Barberán and 
others 2001).  Significant reduction in POD activity in papaya did not occur until 10 minutes for 
80
o
C and 110
o
C, with respective reductions of 21.8% and 19.6% (p = 0.0001, p= 0.0001, Table 
4.5.a); a slight downward trend in POD activity was experienced as processing time increased 
from 0  to 5 minutes, but not to a significant degree.  Significant reduction (23.4%) in POD 
activity occurred at 2 minutes at 130
o
C (p = 0.0001), and stayed relatively constant thereafter, 
with an overall 20.7% reduction in POD activity.  At all temperatures (80
o
C, 110
o
C, and 130
o
C), 
POD activity in strawberry nectar significantly decreased at 2 minutes, with reductions of 18.1%, 
33.9%, and 24.2%, respectively (p = 0.0001, p = 0.0001, p = 0.0001, Table 4.5.b); as processing 
time increased beyond 2 minutes, significant reduction in POD activity continued through 10 
minutes, with overall reductions of 39.1%, 43.6% and 41.7%, respectively (p = 0.0001, p = 
0.0001, p = 0.0001).  Similar research carried out on strawberries by Terefe and others (2010) 
reported near complete inactivation of POD after 5 minutes at 90
o
C, highlighting the variability 
induced by different varieties of strawberries.  Overall reduction in POD activity was less in 
papaya nectar, and significant reduction in POD activity occurred at shorter processing times for 
strawberry, suggesting that POD in papaya is more resistant to thermal processing than POD in 
strawberry (Table 4.5.a-b).  The reason for this can be linked to inherent differences in the pulp 
structure between the fruits, availability of substrate in the fruits upon thermal processing, or 
slight differences in thermal stability between POD itself within each fruit (Bender 1979).  To 
best retain nutritional value, while at the same time significantly reducing POD activity, optimal 
processing of papaya would take place at 130
o
C for 2 minutes, and for strawberry, 110
o
C for 2 
minutes.          
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Ultra High Temperature (UHT) Processing 
The effect of UHT on POD activity was dependent on the fruit nectar examined (Table 
4.6; Fig. 4.6.a, 4.6.b).  As temperature increased from 20
o
C to 110
o
C in papaya, a slight 17.5% 
reduction in POD activity was seen. However, increase in POD activity was observed at 135
o
C, 
resulting in an overall slight 10.6% inactivation of POD activity.  These trends were 
insignificant, indicating that UHT processing had minimal impact on POD activity in papaya 
nectar (p = 0.0681).  Similar to the slight increase in POD activity seen in papaya, green 
asparagus processed between 90
o
C and 125°C resulted in increase in POD activity (Tomás-
Barberán and others 2001).  POD activity in strawberry, however, slightly increased from 20
o
C 
to 80
o
C, significantly increased (13.2%) at 110
o
C (p = 0.0261), and then slightly decreased at 
135
o
C, with an overall 8% increase in POD activity (Table 4.6).  Even though POD activity 
significantly increased at 110
o
C in strawberry, at 135
o
C activity was not significantly different 
from the control at 20
o
C.  POD activity in apricot nectar also significantly increased after UHT at 
110
o
C for 8.6 seconds.  Complete inactivation of POD activity in apricots occurred after 
processing 10 minutes at 85°C suggesting that extended processing time may be more effective 
at reducing POD activity compared to short processing times utilized in UHT (Huang and others 
2013).  Since no significant difference in POD activity was observed in papaya with increasing 
temperature, but significant increases in POD activity were seen in strawberry, this suggests that 
POD in papaya might be slightly more resistant to UHT than in strawberry (Table 4.6).  The 
reason for this can be linked to inherent differences in the pulp structure between the fruits, 
availability of substrate in the fruits upon UHT, or slight differences between POD itself within 
each fruit (Bender 1979).            
 
High Pressure Processing (HPP)  
There was no significant difference between pressure treated samples and atmospheric 
controls, indicating that pressure alone has minimal impact on POD activity in strawberry nectar 
(Table-Fig 4.7).  As pressure increased and temperature remained constant at 20ºC, a significant 
15.6% reduction in POD activity occurred at 600 MPa (p = 0.0001).  Similarly, at 60ºC, a 
significant 18.1% reduction in POD activity occurred at 600 MPa (p = 0.0001).  At atmospheric 
pressure, an insignificant 7.60% reduction was observed at 20ºC, and at 60ºC a significant 15.6% 
reduction in POD activity occurred (p = 0.0001).  This highlights the fact that application of 
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temperature alone resulted in loss of POD activity (11.8%), significant at 60
o
C, but in 
combination with pressure the reduction was greater (20.8%).  The greatest inactivation of POD 
occurred at 60ºC-600 MPa, with similar substantial POD inactivations seen near this pressure in 
research conducted by Terefe and others (2010), and at 20ºC-600 MPa pressure alone had the 
greatest effect on reducing POD activity, since no significant change was observed in the 
atmospheric control at the same temperature.  Interestingly, the same reduction in POD activity 
was achieved with the pressure treated samples at 20ºC as the atmosphere control at 60ºC.  This 
suggests that ambient temperature coupled with pressure has similar effects as elevated 
temperatures at 60
o
C alone, but elevated temperatures combined with pressure results in the 
greatest inactivation of POD activity overall.  The effects of combining high pressure with 
elevated temperatures is well documented in the literature, with increasing pressure and 
temperature - beyond the parameters examined here - resulting in substantial inactivation of POD 
activity in strawberries as well as other fruits and vegetables such as carrots and sweet green and 
red bell peppers (Tomás-Barberán and others 2001; Castro and others 2008; Terefe and others 
2010).  In another study conducted by Cano and others (1997), inactivation of POD was 
achieved at pressures below 300 MPa, but as pressure increased, activation occurred.  In the 
same study, looking at tomato puree, combinations of high pressures (400−500 MPa) and mild 
temperatures (30−60°C) resulted in an increase in POD activity; highlighting the delicate 
balance which must be achieved in each fruit matrix to inactivate this enzyme (Eisenmenger and 
Reyes-De-Corcuera 2009). 
 
Irradiation 
The effect that irradiation had on POD activity differed depending on the fruit nectar 
examined (Table 4.8; Fig. 4.8.a, 4.8.b).  As irradiation dose increased for papaya, a slight 
decrease in POD activity occurred from 2.5 kGy to 7.5 kGy, followed by a slight increase at 10 
kGy.  Overall, POD activity in papaya slightly decreased (3.93%), but these trends were 
insignificant (p = 0.3367). For strawberry, however, as irradiation dose increased POD activity 
slightly increased at 2.5 kGy, significantly decreased (18.5%) at 5 kGy, and showed significant 
increase in activity thereafter (p = 0.0007).  Similar to the increased activity at 2.5 kGy and 10 
kGy, irradiation at 1.75–2.50 kGy increased POD activity and browning in potato tubers, 
banana, mango, and peach (Tomás-Barberán and others 2001).  Even though POD activity was 
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significantly reduced at 5 kGy in strawberry nectar, at 10 kGy POD activity closely resembled 
that of the control (Table 4.8).  This decrease in POD activity followed by an increase can most 
likely be explained by fruit structure softening (Chapter III - Section 3.2.4), wherein increasing 
irradiation dose changed the structure of the fruit pulp, releasing enzymes which were previously 
undetected. Since no significant reduction in POD activity occurred in papaya, but significant 
reduction occurred in strawberry, this suggests that POD in papaya is more resistant to 
irradiation than strawberry.  This resistance was also seen in other studies, with POD activity and 
visual browning being unaffected in papaya and mango after 3 kGy of irradiation (Chan and 
others 1989; Silva and others 2012).  Reasons for this can be linked to the inherent structure of 
papaya, availability of substrate in each fruit or slight differences in resistance to irradiation 
between POD in both fruits (Bender 1979).   
 
4.2.4. Summary 
Enzymatic activity for pectin methylesterase (PME) and peroxidase (POD) in papaya and 
strawberry nectars were quantified after different novel thermal and non-thermal processing 
techniques, i.e. ultra high temperature (UHT), high pressure processing (HPP) and irradiation 
and compared to traditional thermal processing.  Though each enzyme causes undesirable effects 
to each individual fruit, PME and POD activities were determined for each fruit as points of 
comparison, as well as to examine how different fruit matrices influence enzyme activity after 
processing. 
 
PME Activity 
PME activity was significantly reduced by all processing techniques, but prevention of 
gel formation was dependent on the processing technique and treatment level examined.  
Traditional thermal processing resulted in the greatest inactivation of PME activity across all 
processing techniques; as temperature increased, rate of inactivation of PME activity increased.  
Gel formation in papaya nectar was prevented after processing at 110
o
C for 5 minutes.  Similar 
reductions in PME activity were observed after UHT with processing at 110
o
C for 1-3 seconds 
effective at preventing gel formation in papaya nectar.  Both temperature and pressure acted to 
reduce PME activity in strawberry nectar after HPP.  The greatest pressure induced inactivation 
was seen at 20
o
C-600 MPa, and reductions observed at 60
o
C were a result of the combination of 
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both increased temperature and increasing pressure.  Irradiation resulted in the lowest reduction 
in PME activity for papaya and was unable to prevent gel formation.  Since native PME, pectin 
and calcium concentrations as well as pH were low in strawberry nectar, no gel formation 
occurred in the fresh fruit pulp, controls or after any processing technique or treatment level 
examined. 
 
pH and Total Solids Content (Brix) 
As processing time increased, an upward trend in pH was observed for both papaya and 
strawberry nectars after traditional thermal processing.  As temperature increased from 80
o
C to 
130
o
C, rate of pH elevation also increased for both fruits.  Similarly, for UHT processed papaya 
and strawberry nectars, as temperature increased, an upward trend in pH was experienced.  In 
contrast, both HPP and irradiation had minimal impact on pH in papaya and strawberry nectars.  
Unlike pH, across all processing techniques, and treatment levels, total soluble solids content 
(Brix), remained constant before and after processing.  
When producing a shelf stable commercial product, such as a papaya or strawberry nectar 
beverage, which requires canning or bottling, it is critical to monitor pH.  Clostridium botulinum, 
a gram positive, spore-forming, anaerobic, exotoxin producing pathogen is of concern if 
processing conditions are not sufficient, or if pH is not kept below 4.6.  Products with a pH of 
greater than 4.6 require additional processing, resulting in potentially greater nutrient loss, to 
produce a safe product.  The pH of 100% papaya nectar is greater than 4.6, whereas 100% 
strawberry nectar has a pH below this critical threshold.  Due to papaya’s high pH, more 
extensive processing would be required, compared to strawberry, to prevent C. botulinum 
growth.  To allow for less extensive processing, acidification of papaya nectar would be 
required, or natural reduction in pH through nectar blends (Chapter V).     
 
POD Activity 
Traditional thermal processing resulted in the greatest reduction in enzyme activity 
compared to all other processing techniques.  Increasing temperature had minimal effect on POD 
activity, but as processing time increased, significant reductions in activity were observed across 
all temperatures.  To best retain nutritional value, while at the same time significantly reducing 
POD activity, optimal processing of papaya would take place at 130
o
C for 2 minutes, and for 
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strawberry, 110
o
C for 2 minutes.  In contrast, UHT resulted in no significant change in POD 
activity for papaya, but in strawberry, POD activity significantly increased (13.2% at 110
o
C, but 
was not significantly different from the control at 135
o
C).  This suggests that longer processing 
times, as seen in traditional thermal processing, may be more effective at reducing POD activity 
compared to the short, 1-3 seconds, processing times used in UHT.  Both temperature and 
pressure impacted POD activity in strawberry nectar after HPP.  Irradiation had minimal effect 
on POD activity in papaya, but resulted in significant reduction in POD activity for strawberry at 
5 kGy, and mirrored POD activity of the control at 10 kGy.   
Overall, UHT was the only technique resulting in an increase in POD activity; making 
this form of processing undesirable for strawberry nectar.  HPP of strawberry nectar at elevated 
temperatures and pressures had similar reductions in POD activity to irradiation at 5 kGy.  
Processing strawberry for 2 minutes at 80
o
C, 110
o
C and 130
o
C results in similar, but slightly 
greater reductions in POD activity compared to either HPP or irradiation. 
 
4.2.5. Conclusions 
Thermal processing of both papaya and strawberry nectars resulted in an upward trend in 
pH, whereas non-thermal processing had minimal effect on pH.  Irradiation was unable to 
prevent gel formation in papaya nectar, whereas traditional thermal and UHT processing were 
able to sufficiently reduce PME activity and prevent gel formation when treated at 110
o
C for 5 
minutes and 110
o
C for 1-3 seconds, respectively.  Since UHT was the only technique resulting in 
an increase in POD activity, this form of processing is undesirable for strawberry nectar.  HPP of 
strawberry nectar at elevated temperatures and pressures had similar reductions in POD activity 
as irradiation at 5 kGy.  Processing strawberry for 2 minutes at 80
o
C, 110
o
C, or 130
o
C all result 
in similar, but slightly greater reductions in POD activity than either HPP or irradiation.  To best 
preserve nutrient content in strawberry nectar, while significantly reducing POD activity, 
traditional thermal processing at 110
o
C for 2 minutes is optimal.  For both enzymes, traditional 
thermal processing was most effective at inactivation, with UHT sufficiently reducing PME 
activity in papaya nectar and both HPP and irradiation reducing POD activity in strawberry 
nectar similarly to traditional thermal processing at low temperatures.   
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4.3. Tables 
 
Traditional Thermal Processing 
Temperature 
(
o
C) 
PME Activity (mEq/min/g) for Papaya 
Time (min) 
0 2 5 10 
80 8.41
a 
± 0.138 6.75
b 
± 0.407 6.41
b 
± 0.0839 4.49
c
 ± 0.255 
110 8.32
a
 
 
± 0.0938 5.91
b 
± 0.244 2.37
d 
± 0.0588 1.57
de 
± 0.0445 
130 8.28
a
 
 
± 0.210 1.06
e 
± 0.0489 0.0832
f 
± 6.26x10
-3
 0.0712
f 
± 3.92x10
-5
 
Table 4.1.a.  Pectinesterase activity (PME) given as (mEq NaOH/min/g) for papaya nectar after 
thermal processing in circulating silicone oil immersion bath.  Results given as (average ± SE) x 
1000.  Values with the same letters are not significantly different (Tukey’s Studentized Range 
(HSD) (α ≤ 0.05)). 
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Traditional Thermal Processing 
Temperature 
(
o
C) 
PME Activity (mEq/min/g) for Strawberry 
Time (min) 
0 2 5 10 
80 0.856
a 
± 8.26x10
-4
 0.604
b
± 0.0202 0.522
c 
± 0.0232 0.511
c
 ± 0.031 
110 0.850
a 
± 5.34x10
-3
 0.297
d 
± 5.99x10
-3
 0.0713
e 
± 7.99x10
-5
 0.00
f
 
130 0.855
a 
± 9.60x10
-4
 0.0713
e 
± 8.31x10
-5
 0.0356
e 
± 8.56x10
-5
 0.00
f
 
Table 4.1.b.  Pectinesterase activity (PME) given as (mEq NaOH/min/g) for strawberry nectar 
after thermal processing in circulating silicone oil immersion bath.  Results given as (average ± 
SE) x 1000.  Values with the same letters are not significantly different (Tukey’s Studentized 
Range (HSD) (α ≤ 0.05)). 
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Traditional Thermally Processed 100% Papaya 
Time (min) 
at 80 
o
C 
pH Brix (
o
Bx) 
 Gel Formation 
24 hours 48 hours 72 hours 
Fresh Fruit 5.35 9.8 Strong gel Strong gel Strong gel 
0 5.36 8.0 Strong gel Strong gel Strong gel 
2 5.40 8.0 Slight Gelling Strong gel Strong gel 
5 5.49 8.0 Slight Gelling Strong gel Strong gel 
10 5.56 8.0 Slight Gelling Slight Gelling Strong gel 
Time (min) 
at 110 
o
C 
 
0 5.34 8.0 Strong gel Strong gel Strong gel 
2 5.41 8.0 No gel No gel Slight gelling 
5 5.53 8.0 No gel No gel No gel 
10 5.64 8.0 No gel No gel No gel 
Time (min) 
at 130 
o
C 
 
0 5.35 8.0 Strong gel Strong gel Strong gel 
2 5.44 8.0 No gel No gel No gel 
5 5.52 8.0 No gel No gel No gel 
10 5.66 8.0 No gel No gel No gel 
Table 4.1.c.  pH, Brix (ºBx), and gel formation for papaya after thermal processing in circulating 
silicone oil immersion bath.   
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Traditional Thermally Processed 100% Strawberry 
Time (min)  
at 80 
o
C 
pH Brix (
o
Bx) 
 Gel Formation 
24 hours 48 hours 72 hours 
Fresh Fruit 3.61 9.2 No gel No gel No gel 
0 3.62 6.0 No gel No gel No gel 
2 3.64 6.0 No gel No gel No gel 
5 3.69 6.0 No gel No gel No gel 
10 3.71 6.0 No gel No gel No gel 
Time (min) 
at 110 
o
C 
 
0 3.61 6.0 No gel No gel No gel 
2 3.65 6.0 No gel No gel No gel 
5 3.72 6.0 No gel No gel No gel 
10 3.75 6.0 No gel No gel No gel 
Time (min) 
at 130 
o
C 
 
0 3.61 6.0 No gel No gel No gel 
2 3.66 6.0 No gel No gel No gel 
5 3.78 6.0 No gel No gel No gel 
10 3.84 6.0 No gel No gel No gel 
Table 4.1.d.  pH, Brix (ºBx), and gel formation for strawberry after thermal processing in 
circulating silicone oil immersion bath.   
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UHT Processing 
Temperature (
o
C) 
PME Activity (mEq/min/g) 
100% Papaya 100% Strawberry 
20 9.6
a
 ± 0.221 1.24
a
 ± 0.703 
80 9.34
a
 ± 0.254 0.703
b
 
 
± 9.8x10
-3
 
110 0.194
b 
± 3.17x10
-3
 0.143
c 
± 9.55x10
-5
 
135 0.114
b 
± 1.36x10
-15
 0.0876
c 
± 1.90x10
-3
 
Table 4.2.a. Pectinesterase activity (PME) given as (mEq NaOH/min/g) for papaya and 
strawberry nectar after ultra high temperature processing for 1-3 s.  Results given as (average ± 
SE) x 1000.  Values for each individual fruit with the same letters are not significantly different 
(Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)). 
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UHT Processed 100% Papaya 
Temperature 
(
o
C) 
pH Brix (
o
Bx) 
 Gel Formation 
24 hours 48 hours 72 hours 
Fresh Fruit 5.31 12.0 Strong gel Strong gel Strong gel 
20 5.30 2.0 No gel No gel Slight gelling 
80 5.36 2.0 No gel No gel Slight gelling 
110 5.52 2.0 No gel No gel No gel 
135 6.02 2.0 No gel No gel No gel 
UHT Processed 100% Strawberry 
Temperature 
(
o
C) 
pH Brix (
o
Bx) 
 Gel Formation 
24 hours 48 hours 72 hours 
Fresh Fruit 3.47 10.2 No gel No gel No gel 
20 3.48 2.0 No gel No gel No gel 
80 3.57 2.0 No gel No gel No gel 
110 3.58 2.0 No gel No gel No gel 
135 3.67 2.0 No gel No gel No gel 
Table 4.2.b. pH, Brix (
o
Bx), and gel formation for papaya and strawberry after ultra high 
temperature processing for 1-3 s.   
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High Pressure Processing 
Temperature (
o
C), 
Pressure (MPa) 
PME Activity (mEq/min/g) 
100% Strawberry 
Pressure Treated Atmospheric Control 
20, 200 1.47
a 
 ± 0.0944 1.50
a 
 ± 0.0356 
20, 400 1.24
ab 
 ± 0.0478 1.49
a 
 ± 0.0833 
20, 600 1.16
b  
± 0.0635 1.49
a 
 ± 0.0412 
60, 200 1.12
b 
 ± 0.104 1.11
bc 
 ± 0.0260 
60, 400 1.02
bc 
 ± 0.0638 1.09
bc 
 ± 0.0367 
60, 600 0.855
c 
 ± 0.0417 1.12
bc
 ± 0.0176 
Table 4.3.a. Pectinesterase activity (PME) given as (mEq NaOH/min/g) for strawberry nectar 
after high pressure processing.  Results given as (average ± SE) x 1000.  Values with the same 
letters are not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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High Pressure Processed 100% Strawberry 
Temperature (
o
C), 
Pressure (MPa) 
pH Brix (
o
Bx) 
 Gel Formation 
24 hours 48 hours 72 hours 
Fresh Fruit 3.44 9.0 No gel No gel No gel 
20, 200 
20, atm 
3.46 
3.46 
6.0 
6.0 
No gel 
No gel 
No gel 
No gel 
No gel 
No gel 
20, 400 
20, atm 
3.46 
3.45 
6.0 
6.0 
No gel 
No gel 
No gel 
No gel 
No gel 
No gel 
20, 600 
20, atm 
3.45 
3.45 
6.0 
6.0 
No gel 
No gel 
No gel 
No gel 
No gel 
No gel 
60, 200 
60, atm 
3.59 
3.58 
6.0 
6.0 
No gel 
No gel 
No gel 
No gel 
No gel 
No gel 
60, 400 
60, atm 
3.58 
3.59 
6.0 
6.0 
No gel 
No gel 
No gel 
No gel 
No gel 
No gel 
60, 600 
60, atm 
3.59 
3.59 
6.0 
6.0 
No gel 
No gel 
No gel 
No gel 
No gel 
No gel 
Table 4.3.b. pH, Brix (ºBx), and gel formation for strawberry after high pressure processing; 
both pressure treated and atmospheric (atm) controls. 
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Irradiation 
Radiation Dose (kGy) 
PME Activity (mEq/min/g) 
100% Papaya 100% Strawberry 
0 16.0
a
 ± 0.0206 2.57
a 
± 3.40 x 10
-3
 
2.5 15.4
b
 ± 1.43 x 10
-3
 2.14
b 
± 5.39 x 10
-4
 
5 14.4
c 
± 0.0311 1.93
bc 
± 0.0422 
7.5 13.8
d
 
 
± 0.0515 1.74
cd 
± 0.0483 
10 13.4
e
 ± 0.0389 1.43
d 
± 0.143 
Table 4.4.a. Pectinesterase activity (PME) given as (mEq NaOH/min/g) for papaya and 
strawberry nectar after processing using a Cobalt-60 irradiator.  Results given as (average ± SE) 
x 1000.  Values for each individual fruit with the same letters are not significantly different 
(Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)). 
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Irradiation Processed Papaya 
Radiation 
Dose (kGy) 
pH Brix 
o
Bx 
Gel Formation 
24 hours 48 hours 72 hours 
Fresh Fruit 5.04 10.1 Strong gel Strong gel Strong gel 
0 5.05 8.0 Strong gel Strong gel Strong gel 
2.5 5.06 8.0 Strong gel Strong gel Strong gel 
5 5.04 8.0 Strong gel Strong gel Strong gel 
7.5 5.04 8.0 Strong gel Strong gel Strong gel 
10 5.03 8.0 Strong gel Strong gel Strong gel 
Irradiation Procesed Strawberry 
Radiation 
Dose (kGy) 
pH Brix (
o
Bx) 
Gel Formation 
24 hours 48 hours 72 hours 
Fresh Fruit 3.66 8.7 No gel No gel No gel 
0 3.67 6.0 No gel No gel No gel 
2.5 3.68 6.0 No gel No gel No gel 
5 3.67 6.0 No gel No gel No gel 
7.5 3.67 6.0 No gel No gel No gel 
10 3.66 6.0 No gel No gel No gel 
Table 4.4.b. pH, Brix (
o
Bx) and gel formation for papaya and strawberry after processing using a 
Cobalt-60 irradiator.   
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Traditional Thermal Processing 
Temperature 
(
o
C) 
POD Activity (OD/min/g) for Papaya 
Time (min) 
0 2 5 10 
80 0.297
a 
± 1.08x10
-2
 0.272
ab 
± 1.26x10
-2
 0.255
ab 
± 8.03x10
-3
 0.232
b
± 4.90x10
-3
 
110 0.289
a 
± 1.04x10
-2
 0.257
ab 
± 4.97x10
-3
 0.261
ab 
± 2.42x10
-2
 0.233
b 
± 5.92x10
-3
 
130 0.296
a
± 8.02x10
-3
 0.226
b 
± 4.87x10
-3
 0.228
b 
± 4.93x10
-3
 0.234
b 
± 5.03x10
-3
 
Table 4.5.a. Peroxidase (POD) activity (Optical Density (OD)/min/g) for papaya nectar after 
thermal processing in circulating silicone oil immersion bath.  Results given as average ± SE.  
Values with the same letters are not significantly different (Tukey’s Studentized Range (HSD) (α 
≤ 0.05)). 
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Traditional Thermal Processing 
Temperature 
(
o
C) 
POD Activity (OD/min/g) for Strawberry 
Time (min) 
0 2 5 10 
80 0.280
a 
± 4.65x10
-3
 0.229
b 
± 1.25x10
-2
 0.202
bcd 
± 9.34x10
-3
 0.171
cd 
± 7.87x10
-3
 
110 0.284
a 
± 6.21x10
-3
 0.188
bcd 
± 8.20x10
-3
 0.198
bcd 
± 7.47x10
-3
 0.160
d 
± 6.02x10
-3
 
130 0.284
a 
± 5.67x10-
3
 0.215
bcd 
± 1.30x10
-2
 0.193
bcd 
± 1.79x10
-2
 0.165
d 
± 4.60x10
-3
 
Table 4.5.b.  Peroxidase (POD) activity (Optical Density (OD)/min/g) for strawberry nectar after 
thermal processing in circulating silicone oil immersion bath.  Results given as average ± SE.  
Values with the same letters are not significantly different (Tukey’s Studentized Range (HSD) (α 
≤ 0.05)). 
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UHT Processing 
Temperature (
o
C) 
POD Activity (OD/min/g) 
100% Papaya 100% Strawberry 
20 0.714
a 
± 1.25x10
-2
 0.494
a
± 9.17x10
-3
 
80 0.630
a 
± 6.79x10
-3
 0.550
ab 
± 7.31x10
-3
 
110 0.589
a 
± 2.25x10
-2
 0.569
b 
± 6.70x10
-3
 
135 0.639
a 
± 1.36x10
-2
 0.537
ab 
± 3.06x10
-3
 
Table 4.6. Peroxidase (POD) activity (Optical Density (OD)/min/g) for papaya and strawberry 
nectar after ultra high temperature processing for 1-3 s.  Results given as average ± SE.  Values 
for each individual fruit with the same letters are not significantly different (Tukey’s Studentized 
Range (HSD) and Scheffe’s Test (α ≤ 0.05)). 
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High Pressure Processing 
Temperature (
o
C), 
Pressure (MPa) 
POD Activity (OD/min/g) 
100% Strawberry 
Pressure Treated Atmospheric Control 
20, 200 0.461
a 
± 0.017
 
0.459
a 
± 0.015
 
20, 400 0.450
ab 
± 0.018
 
0.429
abc 
± 0.0077
 
20, 600 0.388
bc 
± 0.012
 
0.424
abc 
± 0.012
 
60, 200 0.462
a 
± 0.013
 
0.444
ab 
± 0.014
 
60, 400 0.429
abc 
± 0.020
 
0.397
abc 
± 0.012
 
60, 600 0.364
c 
± 0.0087
 
0.375
c 
± 0.0078
 
Table 4.7.  Peroxidase (POD) activity (Optical Density (OD)/min/g) for strawberry nectar after 
high pressure processing.  Results given as average ± SE.  Values with the same letters are not 
significantly different (Tukey’s Studentized Range (HSD)  
(α ≤ 0.05)). 
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Irradiation 
Radiation Dose (kGy) 
POD Activity (OD/min/g) 
100% Papaya 100% Strawberry 
0 0.433
a  
± 2.63 x 10
-2
 0.285
ab 
± 4.43 x 10
-3
 
2.5 0.397
a 
± 1.71 x 10
-2
 0.310
a 
± 1.22 x 10
-3
 
5 0.391
a 
± 1.53 x 10
-3
 0.232
c 
± 3.23 x 10
-3
 
7.5 0.393
a 
± 1.47 x 10
-2
 0.268
bc 
± 8.71 x 10
-3
 
10 0.416
a 
± 8.22 x 10
-3
 0.281
ab 
± 8.30 x 10
-3
 
Table 4.8. Peroxidase (POD) activity (Optical Density (OD)/min/g) for papaya and strawberry 
nectar after processing using a Cobalt-60 irradiator.  Results given as average ± SE.  Values for 
each individual fruit with the same letters are not significantly different (Tukey’s Studentized 
Range (HSD) (α ≤ 0.05)). 
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4.4. Figures 
 
 
Fig. 4.1.a. Pectinesterase activity (PME) given as (mEq NaOH/min/g) for papaya nectar after 
thermal processing in circulating silicone oil immersion bath.  Results given as average ± SE.  
Values with the same letters are not significantly different (Tukey’s Studentized Range (HSD) 
and Scheffe’s Test  
(α ≤ 0.05)). 
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Fig. 4.1.b. Pectinesterase activity (PME) given as (mEq NaOH/min/g) for strawberry nectar after 
thermal processing in circulating silicone oil immersion bath.  Results given as average ± SE.  
Values with the same letters are not significantly different (Tukey’s Studentized Range (HSD) 
and Scheffe’s Test (α ≤ 0.05)). 
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Fig. 4.2.a. Pectinesterase activity (PME) given as (mEq NaOH/min/g) for papaya nectar after 
ultra high temperature processing for 1-3 s.  Results given as average ± SE.  Values with the 
same letters are not significantly different (Tukey’s Studentized Range (HSD) and Scheffe’s Test 
(α ≤ 0.05)). 
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Fig. 4.2.b. Pectinesterase activity (PME) given as (mEq NaOH/min/g) for strawberry nectar after 
ultra high temperature processing for 1-3 s.  Results given as average ± SE.  Values with the 
same letters are not significantly different (Tukey’s Studentized Range (HSD) and Scheffe’s Test 
(α ≤ 0.05)). 
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Fig. 4.3. Pectinesterase activity (PME) given as (mEq NaOH/min/g) for strawberry nectar after 
high pressure processing.  Results given as average ± SE.  Values with the same letters are not 
significantly different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)). 
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Fig. 4.4.a. Pectinesterase activity (PME) given as (mEq NaOH/min/g) for papaya nectar after 
processing using a Cobalt-60 irradiator.  Results given as average ± SE.  Values with the same 
letters are not significantly different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 
0.05)). 
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Fig. 4.4.b. Pectinesterase activity (PME) given as (mEq NaOH/min/g) for strawberry nectar after 
processing using a Cobalt-60 irradiator.  Results given as average ± SE.  Values with the same 
letters are not significantly different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 
0.05)). 
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Fig. 4.5.a. Peroxidase (POD) activity (Optical Density (OD)/min/g) for papaya nectar after 
thermal processing in circulating silicone oil immersion bath.  Results given as average ± SE.  
Values with the same letters are not significantly different (Tukey’s Studentized Range (HSD)  
(α ≤ 0.05)). 
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Fig. 4.5.b. Peroxidase (POD) activity (Optical Density (OD)/min/g) for strawberry nectar after 
thermal processing in circulating silicone oil immersion bath.  Results given as average ± SE.  
Values with the same letters are not significantly different (Tukey’s Studentized Range (HSD)  
(α ≤ 0.05)). 
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Fig. 4.6.a. Peroxidase (POD) activity (Optical Density (OD)/min/g) for papaya nectar after ultra 
high temperature processing for 1-3 s.  Results given as average ± SE.  Values with the same 
letters are not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 4.6.b. Peroxidase (POD) activity (Optical Density (OD)/min/g) for strawberry nectar after 
ultra high temperature processing for 1-3 s.  Results given as average ± SE.  Values with the 
same letters are not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 4.7. Peroxidase (POD) activity (Optical Density (OD)/min/g) for strawberry nectar after 
high pressure processing.  Results given as average ± SE.  Values with the same letters are not 
significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 4.8.a. Peroxidase (POD) activity (Optical Density (OD)/min/g) for papaya nectar after 
processing using a Cobalt-60 irradiator.  Results given as average ± SE.  Values with the same 
letters are not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Fig. 4.8.b. Peroxidase (POD) activity (Optical Density (OD)/min/g) for strawberry nectar after 
processing using a Cobalt-60 irradiator.  Results given as average ± SE.  Values with the same 
letters are not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)). 
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Chapter V - Synergistic potential of papaya and strawberry fruit blends, with specific 
nutrients, antioxidants and enzymes after novel thermal and non-thermal processing 
 
5.1. Introduction 
 On their own, both papaya and strawberry embody high nutrient value and antioxidant 
capacity (Liebman 1992; Luximon-Ramma and others 2003; Hannum 2004; Wu and others 
2004; Lim and others 2007; Joseph and others 2009; Parker and others 2010).  When processed 
separately, each fruit can experience nutritive and antioxidant reduction resulting in the loss of 
potential health-promoting benefits to humans (Kandaswami and Middleton 1997; Ong and 
Choo 1997; Weisburger 1997; Fraeye and others 2009; Patras and others 2009; Pinto and others 
2010).  Having both fruits present in a blend during processing, however, can result in a 
synergistic effect on nutrient retention, i.e. ascorbic acid and carotenoid concentration, and 
antioxidant capacity; different flavonoids and phenolic compounds, when combined, seem to 
result in a sheltering effect that leads to increased nutrient retention (Hannum 2004).  In addition 
to the specific synergistic potentials discussed in Chapter I (Section 1.6), such as the interaction 
between α-tocopherol and β-carotene as well as ascorbic acid and α-tocophreol, numerous 
studies emphasize the importance of a well-balanced diet suggesting the accompanying benefits 
are due to synergy of nutrients (Slausan and Cooper 1990; Palozza and Krinsky 1992; Furhman 
and others 2000; Bates and others 2001; Pedrielli and Skibsted 2002; Meletis and Barker 2004; 
Cirico and Omaye 2006; Jacobs and others 2009; Hazewindus and others 2012).  For example, 
Rajarathnam and others (2013) concluded that synergism of nutrients, or a combination of 
multiple classes of compounds, can induce health benefits similar to the different combinations 
of nutrients that result when fruit nectars are blended together.   
Naturally present enzymes in fruit carry out a variety of functions from controling 
biochemical processes associated with ripening to negatively impacting overall fruit quality and 
shelf life if their activities are not sufficiently reduced through processing.  Key enzymes that 
result in these undesirable changes are closely examined to establish appropriate processing 
parameters in order to optimize product quality, longevity, and overall nutrient value.  If pectin 
methylesterase (PME) in papaya is not reduced to low enough quantities through processing, an 
undesirable gel forms, resulting in reduced consumer acceptance (Fraeye and others 2009; Parker 
and others 2010).  The enzyme of concern for strawberries is peroxidase (POD), and failing to 
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reduce this enzyme’s activity to low enough levels – again as a result of insufficient processing – 
will lead to nutrient loss, browning, off-flavor production, and reduced shelf life of the fruit 
(Burnette 1977; Cano and Hernandez 1997; Terefe and others 2009).  Availability of substrates, 
concentration effects, and changes to nectar characteristics resulting from blending papaya and 
strawberry nectars together may also influence enzymatic activity after processing (Bender 
1979).     
By determining the optimal papaya and strawberry nectar blend, this may result in a final 
processed product that is superior to either fruit on their own in terms of health benefits to 
humans and reduction of delaterious enzyme activity.  To further explore the synergistic or 
anergetic potential that may exist when papaya and strawberry nectars are mixed together, blends 
were exposed to novel thermal, ultra high temperature (UHT), and non-thermal, irradiation, 
processing and then analyzed for nutrient value and enzymatic activities.   
 
Objective 
Examine the synergistic potential of papaya and strawberry blends in terms of specific 
nutrients, antioxidants, and enzymatic activities upon novel thermal (UHT) and non-thermal 
(irradiation) processing.   
 
Hypothesis 
Blending papaya and strawberry nectars will result in a synergistic increase in nutrient 
retention and antioxidant capacity with an anergetic decrease in enzyme activity, after novel 
thermal and non-thermal processing.   
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5.2.   Results and Discussion 
 
5.2.1. Impact of Processing on Ascorbic Acid Content 
 
Ultra High Temperature (UHT) Processing 
 When blended together, papaya and strawberry nectars encountered significant losses in 
ascorbic acid content, but less than either fruit when UHT processed individually (Table-Fig. 
5.1.a, 5.1.b, 5.1.c).  As temperature increased, ascorbic acid content significantly decreased for 
the 25P:75S, 50P:50S, and 75P:25S blends 15.3%, 14.7%, and 17.6%, respectively (p = 0.0001, 
p = 0.0001, p = 0.0001).  At each temperature, significant reduction in ascorbic acid content 
occurred, similar to the 100% papaya control, since the 100% strawberry control ascorbic acid 
loss slightly tapered at higher temperatures.  The UHT processed 100% papaya and strawberry 
controls lost 27.4% and 20.0% ascorbic acid respectively (p = 0.0001, p = 0.0001), more than 
any of the blends; this highlights one potential benefit of mixing together papaya and strawberry 
nectars.  Purple sweet potatoes processed at 110
o
C for 8.6 seconds lost nearly all original 
ascorbic acid content, emphasizing the importance of keeping processing time to a minimum 
(Wang and others 2012).       
 Upon further analysis it was determined that all UHT processed blends experienced a 
significant synergistic relationship for ascorbic acid retention when compared to expected values 
(Table 5.1.a-c).  The control blends at 20°C, however, were not significantly different from 
expected values (p = 0.0520, p = 0.0531, p = 0.0512), but were still slightly higher than 
expected.  Though the blend controls experienced an additive relationship, some synergistic 
interactions may have been taking place, but as temperature increased from 20°C to 80°C, 
significant increase in ascorbic acid occurred.  As temperature increased beyond 80°C ascorbic 
acid retention significantly decreased, but still remained statistically higher than expected values.  
One reason for this synergistic response may be linked to sample preparation.  To achieve proper 
nectar flow through the UHT machine, the samples were pureed in addition to pulping.  This 
dramatically reduced the size of the pulp structure allowing greater availability and interaction 
between constituents present in both fruits, with general principles for this interaction outlined by 
Bender (1979).  This size reduction may have been further enhanced by fruit structure softening 
(Chapter III, Section 3.2.4), wherein increased temperature disrupted the cellular structure of the 
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pulp, releasing ascorbic acid that was previously undetected.  Regardless of the mechanism 
behind the synergistic relationships, UHT of the blends resulted in greater ascorbic acid retention 
than the blend controls, expected values, as well as an increased concentration of ascorbic acid 
compared to either fruit on their own.      
 
Irradiation 
 Papaya and strawberry blends, like their 100% control counterparts, experienced significant 
losses in ascorbic acid content after irradiation (Table-Fig. 5.2.a, 5.2.b, 5.2.c).  The 25P:75S, 
50P:50S and 75P:25S blends lost 22.9%, 30.2%, and 24.2% ascorbic acid (p = 0.0001, p = 
0.0005, p = 0.0001), respectively, whereas the 100% papaya and strawberry controls respectively 
lost 23.8% and 26.0% ascorbic acid (p = 0.0001, p = 0.0001).  Similar reduction in ascorbic acid 
content was also seen in peach and cut mango after irradiation, as well as minimal losses in 
papaya nectar (Boylston and others 2002; Fan and Sommers 2012; Sogi and others 2012; Zaman 
and others 2013).  Since the 100% controls and blends had similar ascorbic acid retention, this 
suggests that blending the fruit nectars together had minimal impact on overall ascorbic acid loss 
compared to each fruit individually (Table 5.2.a-c).    
Although synergism was not seen in papaya and strawberry blends after irradiation, 
several instances of anergistic and additive relationships were observed (Table 5.2.a-c).  All 
observed values for the 25P:75S blend were less than that of expected values for ascorbic acid 
content with observed values at 0 kGy, 2.5 kGy, and 7.5 kGy being significantly less than 
expected (p = 0.0040, p = 0.0001, p = 0.0026) and observed values at 5 kGy and 10 kGy being 
significantly indifferent from expected values (p = 0.2260, p = 0.7062).  At 0 kGy, 2.5 kGy, 5 
kGy, and 7.5 kGy, observed ascorbic acid content for the 50P:50S blend was statistically 
indifferent from expected values (p = 0.4200, p = 0.3888, p = 0.3520, p = 0.4883). However, at 
10 kGy a significant         (p = 0.0031) loss in ascorbic acid content occured compared to the 
expected value.  Similar to the 25P:75S blend, the observed ascorbic acid content was less than 
that of expected values for the 75P:25S blend at all irradiation doses with values at 0 kGy, 2.5 
kGy, and 5 kGy being significantly less than expected (p = 0.00036, p = 0.0001, p = 0.0009) and 
7.5 kGy and 10 kGy being indifferent from expected values (p = 0.0778, p = 0.1099).  Since 
ascorbic acid loss was similar between the blends and the 100% controls and a majority of the 
blends had observed ascorbic acid content lower than expected values, this suggests that 
 - 169 - 
 
blending papaya and strawberry nectars together negatively impacts overall ascorbic acid 
retention compared to the 100% controls.  If blending is necessary, the 50P:50s blend is optimal 
because it experienced the greatest amount of additive relationships compared to the other 
blends.   
 
5.2.2. Impact of Processing on Antioxidant Capacity 
 
Ultra High Temperature (UHT) Processing 
 Antioxidant capacity for both the 100% controls and their respective blends significantly 
increased as temperature increased, but to different degrees depending on the ratios of nectars 
examined (Table-Fig. 5.3.a, 5.3.b, 5.3.c).  Antioxidant capacity for the 100% papaya control 
significantly increased at 80
o
C (6.92%), remained relatively constant at 110°C, and then 
significantly increased again at 135°C (p = 0.0001), with an overall 15.2% increase.  Research 
carried out by Zulueta and others (2006) found that total antioxidant capacity of UHT processed 
papaya slightly decreased, but this decrease was not significant.  The same study attributed this 
slight decrease to a loss in certain phenolic compounds, but overall UHT processed papaya was 
able to maintain nutrient profiles, such as vitamin A and carotenoid concentration, from natural 
degradation.  Papaya’s ability to retain certain nutrient profiles after UHT may explain the 
increase in antioxidant capacity observed here.  Antioxidant capacity in the 100% strawberry 
control remained relatively constant at 20°C and 80°C, significantly increased at 110°C and 
remained relatively constant thereafter (p = 0.0001), with an overall 9.82% increase (Table 5.3.a-
c).  In another study, similar retention of overall antioxidant capacity of strawberry was found, 
with UHT processed strawberry maintaining the highest overall antioxidant capacity among 
fruits such as grapes, apples, passion fruit, oranges, and mangoes (Rau de Almeida Callou and 
others 2010).  Unlike the two controls, the 25P:75S blend encountered significant increases in 
antioxidant capacity at each temperature (p = 0.0001), with an overall 21.1% increase in 
antioxidant capacity (Table 5.3.a).  A similar 18.0% increase in overall antioxidant capacity was 
observed in the 50P:50S blend, with significant increase starting at 80°C (10.24%), then 
significantly increasing and remaining relatively constant at 110°C and 135°C (p = 0.0001, Table 
5.3.b).  The 75P:25S blend experienced a significant 22.3% increase in antioxidant capacity 
starting at 80°C, but remained relatively constant thereafter (p = 0.0001, Table 5.3.c).  All blends 
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experienced a similar increase in antioxidant capacity, but as the percentage of papaya increased 
in the blend, the temperature at which significant increase in antioxidant capacity occurred 
decreased (25P:75S-135°C, 50P:50S-110°C, 75P:25S-80°C). This is a minor observation, but as 
discussed in Chapter III (Section 3.2), this suggests that changes in papaya structure may occur 
at lower temperatures compared to strawberry, explaining increases in antioxidant capacity that 
occurred at lower temperatures for papaya.  The overall increase in antioxidant capacity for the 
blends was greater than either 100% control, demonstrating the potential benefit of blending 
papaya and strawberry nectars together.   
 This benefit is further reinforced by the fact that synergism was experienced in all blends 
across all treatment levels except for the blend controls at 20°C (Table 5.3.a-c).  Since additive 
relationships occurred in all blend controls at 20°C, 25P:75S, 50P:50S and 75P:25S (p = 0.0733, 
p = 0.0544,   p = 0.0513), this suggests that blending papaya and strawberry nectars together 
without the application of UHT does not result in significant increases in antioxidant capacity. 
However, all observed values for the blend controls at 20°C had slightly higher antioxidant 
capacities than expected.  This suggests that some synergistic relationships may occur from 
blending fruit nectars but not to a significant degree, as seen after UHT.  Synergistic 
relationships may have been enhanced by fruit structure softening (Chapter III, Section 3.2.4), 
wherein UHT causes changes to papaya and strawberry pulp structure.  As temperature 
increases, the turgor pressure within the cell also increases to a point at which cell membrane 
rupture occurs (Anthon and Barrett 2006).  This rupturing may release antioxidant constituents 
which were previously trapped within the cell structure, allowing them to more freely interact 
and increasing the potential for synergistic relationships, with general principles for these 
interactions outlined by Bender (1979).  Seeing as all UHT processed blends had greater 
increases in antioxidant capacity compared to the 100% controls, and that all UHT processed 
blends experienced synergistic relationships in terms of antioxidant capacity, this further 
supports the benefits of blending together papaya and strawberry nectars.   
 
Irradiation 
The effects of irradiation on antioxidant capacity were dependent on the ratio of papaya 
to strawberry nectar (Table-Fig. 5.4.a, 5.4.b, 5.4.c).  Increasing irradiation dose had no 
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significant impact on the antioxidant capacity of the 25P:75S blend (p = 0.2034).  Similarly, no 
significant effect on antioxidant capacity for the 50P:50S blend was observed (p = 0.0833), but 
as irradiation dose increased a slight 10.5% increase in antioxidant capacity occurred.  As 
irradiation increased to 7.5 kGy for the 75P:25S blend, antioxidant capacity remained relatively 
constant, but then significantly increased (17.4%) at 10 kGy (p = 0.0001).  The 100% papaya 
control antioxidant capacity stayed relatively constant through 2.5 kGy, then significantly 
increased starting at 5 kGy resulting in a 31.1% increase overall (p = 0.0001).  The 100% 
strawberry control antioxidant capacity slightly increased through 2.5 kGy, significantly 
increased (p = 0.0147) at 5 kGy (12.3%), and slightly decreased thereafter.  One reason for 
strawberry’s increased antioxidant capacity may be linked to retention of quercetin and ellagic 
acid derivatives after irradiation (Breitfellner and others 2002a).  Furthermore, it was found that 
at 3 kGy there were no significant losses of flavonoid components or ellagic acid derivatives in 
strawberries, resulting in minimal effect on overall antioxidant properties.  This suggests that 
increasing the percentage of papaya in the blends, in this study, results in an increased 
antioxidant capacity.  Even though the 75P:25S blend experienced the greatest antioxidant 
capacity increase amongst all blends, the 100% papaya control still had the highest retention 
overall.                
 The relationship that occurs between papaya and strawberry is also dependent on the 
particular blend examined (Table 5.4.a-c).  The observed values at 0 kGy, 7.5 kGy and 10 kGy 
for the 25P:75S blend were not significantly different from expected values (p = 0.0636, p = 
0.2091,     p = 0.4818), however at 2.5 kGy and 5 kGy a synergistic (p = 0.0364), followed by an 
anergistic (p = 0.0091), relationship occurred.  Since the 25P:75S blend’s antioxidant capacity 
stayed relatively constant with increasing irradiation dose while the expected values increased 
with increasing irradiation dose, mirroring the 100% controls, the synergistic followed by 
anergistic relationship observed can be explained.  In contrast, across all irradiation doses, the 
observed antioxidant capacity for the 50P:50S blend experienced synergistic relationships 
compared to expected values (p = 0.0001, p = 0.0001, p = 0.0338, p = 0.0001, p = 0.0091).  
Similarly, the 75P:25S blend experienced synergism at 0 kGy, 2.5 kGy, and 10 kGy (p = 0.0003, 
p = 0.0005, p = 0.0327) and observed values were found not to be significantly different from 
expected values for 5 kGy and 7.5 kGy (p = 0.2300, p = 0.8517).  Based on these results, 
blending of papaya and strawberry resulted in either additive or synergistic relationships for 
 - 172 - 
 
nearly all blends and treatment levels, with the 50P: 50S and 75P: 25S blends having the greatest 
potential for synergism.  Just like increasing percentage of papaya caused greater increases in 
antioxidant capacity, the same can be concluded about higher percentage of papaya resulting in 
greater synergistic potential for antioxidant capacity upon irradiation.  Based on this, the 
50P:50S and 75P:25S blends result in the greatest synergistic potential, with the 75P:25S blend 
being optimal due to its overall antioxidant increase after irradiation.      
 
5.2.3. Impact of Processing on Carotenoid Concentration 
 
Ultra High Temperature (UHT) Processing   
 Blending together papaya and strawberry nectars impacted β-cryptoxanthin retention 
after UHT (Table-Fig. 5.5.a, 5.5.b, 5.5.c).  β-cryptoxanthin concentration in the 100% papaya 
control slightly decreased from 20°C to 110°C, but significantly increased (34.2%) at 135°C     
(p = 0.0001).  In the 25P:75S blend, β-cryptoxanthin concentration slightly decreased at 80°C, 
and then slightly increased at 135°C with an overall slight 2.60% increase in β-cryptoxanthin 
concentration (p = 0.0182).  No significant change was observed in β-cryptoxanthin 
concentration as temperature increased from 20°C to 110°C in the 50P:50S blend, but at 135°C a 
significant 15.2% increase in β-cryptoxanthin concentration was observed (p = 0.0009).  Similar 
to the 100% control, β-cryptoxanthin concentration in the 75P:25S blend slightly decreased from 
20°C to 110°C, but at 135°C, β-cryptoxanthin concentration significantly increased 34.9%        
(p = 0.0039).  Across all blends and the 100% control, β-cryptoxanthin concentration slightly 
decreased as temperature was increased, and then increased again at 135
o
C, with reasons for this 
explained by fruit structure softening (Chapter III, Section 3.2.4).  As the percentage of papaya 
in the blends increased, the overall retention of β-cryptoxanthin also increased, mirroring the 
100% control.  Based on the retention of β-cryptoxanthin alone, the 75P:25S blend was optimal 
and most closely resembled the retention observed for the 100% control. 
In the 25P:75S blend observed β-cryptoxanthin concentration was greater than expected 
at 20°C, 80°C, and 110°C (p = 0.00091, p = 0.00091, p = 0.0091), but less than expected at 
135°C (p = 0.0091, Table 5.5.a).  The reason for the synergistic relationships observed are most 
likely attributed to detection threshold (~5  µg/100g) of the HPLC detector utilized, rather than 
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actual interactions induced by processing or between the fruits.  The anergetic relationship seen 
at 135°C, however, may indicate that the 25P:75s blend results in less β-cryptoxanthin 
concentration than the control at elevated temperatures, which explains the overall reduced 
retention of β-cryptoxanthin discussed above.  In contrast, the 50P:50S blend experienced 
observed β-cryptoxanthin concentrations that were less than expected at all temperatures 
examined (p = 0.00091, p = 0.0091, p = 0.0091, p = 0.0091, Table 5.5.b).  Similar anergetic 
relationships were seen in the 75P:25s blend at 80°C and 110°C (p = 0.0091, p = 0.0091), with 
additive relationships at 20°C and 135°C (p = 0.0773, p = 0.0773, Table 5.5.c).  These additive 
relationships observed in the 75P:25S blend, however, had observed β-cryptoxanthin 
concentrations which were still slightly lower than expected.  Even though the 75P:25S blend 
experienced the greatest β-cryptoxanthin concentration retention amongst the blends, similar to 
the 100% control, anergetic relationships observed across all blends makes blending together of 
papaya and strawberry undesirable.  If blending is necessary, UHT processing of the 75P:25S 
blend at 135°C is optimal based on overall β-cryptoxanthin retention and additive relationships 
observed.    
β-carotene concentration was also impacted by blending together papaya and strawberry 
nectars upon UHT (Table-Fig. 5.7.a, 5.7.b, 5.7.c).  β-carotene concentration in the 100% papaya 
control was significantly reduced at 80°C and 110°C (22.5%) and significantly increased at 
135°C, with an overall slight 6.26% increase (p = 0.0001).  β-carotene concentration in the 
25P:75S blend, however, was significantly reduced (43.9%) as temperature increased from 20°C 
to 80
o
C. Similar significant reduction occurred at 110°C, but at 135°C β-carotene concentration 
significantly increased with an overall slight 2.37% reduction (p = 0.0002).  The same initial 
decrease followed by an increase in β-carotene concentration occurred in the 50P:50S blend as 
temperature increased.  This trend however was not significant, resulting in a slight 1.88% 
reduction in overall β-carotene concentration (p = 0.6787).  Similar to the 100% control, β-
carotene concentration in the 75P:25S blend slightly decreased from 20°C to 80°C, significantly 
decreased 21.4% at 110°C and then significantly increased at 135°C, with an overall slight 
5.98% increase in β-carotene concentration (p = 0.0003).  In all blends, β-carotene concentration 
at 20°C was not significantly different from concentrations at 135°C, even though reduction was 
seen, significantly at times, at 80°C and 110°C, with reasons for this further explained by fruit 
structure softening (Chapter III, Section 3.4.2).  Due to the release of β-carotene from the fruit 
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matrix at 135°C, all blends generally responded similarly to UHT processing in terms of overall 
retention.  As percentage of papaya increased, overall β-carotene concentration retention 
increased, and losses observed at 80°C and 110°C also decreased more closely mirroring the 
100% control.  Based on this, the 50P:50S and 75P:25s blends were optimal for UHT in 
comparison to the 100% control.   
However, anergetic relationships were experienced in all blends.  In the 25P:75S blend, 
anergetic relationships were observed at 80°C, 110°C, and 135°C (p = 0.0091, p = 0.0091,          
p = 0.0091) with an additive relationship at 20°C (p = 0.5045, Table 5.7.a).  A similar anergetic 
relationship (p = 0.0091) was seen at 135°C in the 50P:50S blend, with additive relationships at 
20°C, 80°C, and 110°C  (p = 0.2045, p = 0.5045, p = 0.5045, Table 5.7.b).  Similar to the 
25P:75s blend, the 75P:25S blend experienced anergetic relationships at all temperatures (p = 
0.0091, p = 0.0091, p = 0.0091,   p = 0.0091, Table 5.7.c).  Even though the 75P:25S blend most 
closely mirrored the 100% control in terms of β-carotene retention, anergetic relationships make 
this blend undesirable.  Since the 50P:50S blend experienced the greatest potential for additive 
relationships, this blend would be optimal for UHT, though papaya processed on its own results 
in overall greater β-carotene retention.   
Similar to the other carotenoids, blending papaya and strawberry nectars together 
significantly impacted lycopene concentration after UHT (Table-Fig. 5.9.a, 5.9.b, 5.9.c).  
Lycopene concentration in the 100% papaya control slightly decreased between 20°C to 80°C, 
significantly decreased (10.8%) at 110°C, and then significantly increased at 135°C, with a slight 
8.31% increase overall (p = 0.0021).  Both the 25P:75S and 50P:50S blends experienced no 
significant effect on lycopene concentration as temperature was increased, though a similar 
initial decrease in lycopene concentration followed by an increase was observed.  Overall, 
lycopene concentration in the 25P:75S and 50P:50s blend slightly decreased, 1.47% and 1.46%, 
respectively (p = 0.0571, p = 0.1430).  The 75P:25S blend, however, more closely mirrored the 
100% papaya control, slightly decreasing 10.8% from 20°C to 110°C, followed by a significant 
increase at 135°C, resulting in an overall 8.36% increase in lycopene concentration (p = 0.0033).  
Similar to the other carotenoids, lycopene concentration at 20°C was significantly indifferent to 
concentrations at 135°C in both the 100% control and blends, suggesting that UHT affected all 
blends similarly.  As the percentage of papaya increased, the retention of lycopene also 
increased, more closely mirroring the 100% control.  Based on lycopene retention in comparison 
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to the 100% control, the 75P:25S blend is optimal for UHT, with the 25P:75S and 50P:50S 
blends only being slightly less desirable.   
Upon further examination, however, the 25P:75S blend experienced synergism at 20°C 
and 110°C (p = 0.0091, p = 0.0091), with additive relationships at 80
°
C and 135
°
C (p = 0.5045,  
p = 0.4773, Table 5.9.a).  Similarly, the 50P:50S blend experienced additive relationships at 
20°C, 80
°
C, and 110
°
C (p = 0.8364, p = 0.8364, p = 0.8364), with an anergetic relationship at 
135
°
C (p = 0.0091, Table 5.9.b).  In contrast, anergetic relationships were experienced across all 
temperatures in the 75P:25S blend (p = 0.0091, p = 0.0091, p = 0.0091, p = 0.0091, Table 5.9.c).  
As the percentage of papaya increased in the blends, the tendency for anergism also increased.  
Based on this, even though the 75P:25S blend most closely mirrored the 100% papaya control, 
the optimal blend for UHT to retain the greatest concentration of lycopene is the 25P:75S blend. 
Reduction in carotenoid concentration often took place from 80°C to 110°C, significantly 
at times; however at 135°C release of carotenoids from the fruit matrix occurred.  Other studies 
showed that total carotenoids and individual carotenoids exhibited no significant increase after 
UHT, reinforcing the impact of different fruit varietals and the importance of processing 
parameters on overall carotenoid concentration (Zulueta and others 2006; Huang and others 
2013).  The reason for similar carotenoid retention at 20°C and 135°C can be linked to elevated 
temperature and fruit structure softening (Chapter III, Section 3.2.4).  As temperature increased 
from 20°C to between 80°C and 110°C, temperature increase negatively impacted carotenoid 
concentration, but then began to change the structure of the fruit pulp at 135°C (Anthon and 
Barrett 2006), releasing carotenoids which were previously unable to be detected.  This release 
may explain the unexpected increase in concentration at high temperatures.  Other reasons for 
increased carotenoid concentration after UHT may be due to greater extractability and enzymatic 
degradation (Puupponen-Pimiä and others 2003; Yongato and others 2012).   
 
Irradiation 
 Blending papaya and strawberry nectars together significantly impacted the retention of 
β-cryptoxanthin after irradiation (Table-Fig. 5.6.a, 5.6.b, 5.6.c).  As irradiation dose increased,  
β-cryptoxanthin concentration in the 100% papaya control slightly decreased from 0 kGy to 2.5 
kGy, decreased significantly at 5kGy and 7.5 kGy (37.6%), and then significantly increased with 
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an overall increase of 7.49% (p = 0.0010).  Similarly, for the 25P:75S blend, as irradiation dose 
increased, β-cryptoxanthin concentration did not change significantly but still experienced  the 
same decreasing and increasing trend with a resulting slight 6.52% increase in β-cryptoxanthin 
concentration (p = 0.3723).  The 50P:50S blend also experienced an overall increase in              
β-cryptoxanthin concentration as irradiation dose increased, decreasing slightly from 0 kGy to 
2.5 kGy, decreasing significantly at 5 kGy and 7.5 kGy (25.0%), and then significantly 
increasing as irradiation dose increased, with an overall 25.2% increase (p = 0.0001).  Unlike the 
other blends, however, as irradiation dose increased, β-cryptoxanthin concentration in the 
75P:25S blend decreased slightly from 0 kGy to 5 kGy, decreased significantly at 7.5 kGy 
(22.1%), and then significantly increased with an overall 4.79% loss in β-cryptoxanthin 
concentration (p<0.0071).  Significant reduction in β-cryptoxanthin took place at either 5 kGy or 
7.5 kGy for all blends and the 100% control.  The blends, however, resulted in less β-
cryptoxanthin reduction overall at these doses compared to the 100% control.  Since the 25P:75S 
blend nearly had the same increase in β-cryptoxanthin as the 100% control  and the 50P:50S 
blend had a significantly larger increase than the 100% control, this indicates that increasing 
papaya concentration up to 50% favorably impacts β-cryptoxanthin retention, but a more 
concentrated papaya blend results in a lesser retention of β-cryptoxanthin than the 100% control.   
 Further analysis supports this trend, with all irradiation doses examined resulting in 
observed values for the 25P:75S and 50P:50S blends that were synergistically greater than 
expected values (p = 0.0091, Table 5.6.a-b).  The 75P:25S blend did observe a synergistic 
relationship at 5 kGy and 7.5 kGy (p = 0.0091, p = 0.0091), but at 0 kGy, 2.5 kGy and 10 kGy 
there was no significant difference between observed values and expected values (p = 0.5091, p 
= 0.2318, p = 0.2318, Table 5.6.c).  Though there was no significant difference between the 
observed and expected values for 10 kGy, the observed value was slightly less than expected, 
which supports the overall net loss in  β-cryptoxanthin that was observed in the 75P:25S blend.  
This indicates that both the 25P:75S and 50P:50S blends resulted in greater β-cryptoxanthin 
concentration than the 100% control, with 50P:50S being the optimal blend due to the overall net 
increase in β-cryptoxanthin concentration and synergistic relationships observed after irradiation.         
 Unlike β-cryptoxanthin, blending of papaya and strawberry nectars negatively impacted 
β-carotene concentration after irradiation (Table-Fig. 5.8.a, 5.8.b, 5.8.c).  As irradiation dose 
increased, β-carotene concentration in the 25P:75S blend remained constant at 0 kGy and 2.5 
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kGy, significantly decreased at 5 kGy (52.8%), and then significantly increased resulting in an 
overall 17.5% increase in β-carotene concentration (p = 0.0017).  β-carotene concentration in the 
50P:50S blend  slightly increased from 0 kGy to 2.5 kGy, significantly decreased at 5 kGy and 
7.5 kGy (64.4%), and then significantly increased with an overall increase (7.14%) as irradiation 
dose increased (p = 0.0001).  The 75P:25S blend, however, slightly decreased from 0 kGy to 2.5 
kGy, significantly decreased at 5 kGy and 7.5 kGy (62.3%), and then significantly increased; 
however, instead of resulting in an overall increase like the other blends, β-carotene 
concentration actually significantly decreased (33.2%) as irradiation dose increased (p = 0.0001).  
A similar overall reduction in β-carotene concentration was seen in the 100% papaya control 
wherein β-carotene concentration slightly decreased from 0 kGy to 2.5 kGy, significantly 
decreased at 5 kGy and 7.5 kGy (43.3%), and then significantly increased, with a net loss of 
9.17% β-carotene (p = 0.0005).  This shows that blends with a higher percentage of strawberry 
tend to retain beta-carotene better than highly concentrated papaya blends or papaya alone.  
Significant reduction in β-carotene took place at either 5 kGy or 7.5 kGy, with a release of β-
carotene from the fruit matrix at 10 kGy, with reasons for this trend further explained by fruit 
structure softening (Chapter III, Section 3.2.4).  Based on retention of β-carotene concentration, 
the 25P:75S and 50P:50S blends responded best to irradiation.     
 Exploring these relationships further, however, blending together papaya and strawberry 
resulted in less β-carotene retention than expected (Table 5.8.a-c).  Observed values for the 
25P:75S blend were significantly less than expected at 0 kGy, 2.5 kGy, 5 kGy and 10 kGy (p = 
0.0091, p = 0.0091,   p = 0.0091, p = 0.0091), and significantly indifferent, yet slightly less than 
expected values at 7.5 kGy (p = 0.2318).  The 50P:50S blend had observed values less than 
expected at 5 kGy and 7.5 kGy (p = 0.0091, p = 0.0091), significantly indifferent observed 
values from expected values at 0 kGy and 2.5 kGy (p = 0.4773, p = 0.0773) and observed values 
which were significantly greater than expected values at 10 kGy (p = 0.0091).  Similarly, for the 
75P:25S blend, observed values were significantly less than expected at 2.5 kGy, 5 kGy, 7.5 kGy 
and 10 kGy (p = 0.0091,  p = 0.0091, p = 0.0091, p = 0.0091), but significantly indifferent, yet 
slightly less than expected at 0 kGy (p = 0.2318).  Based on this, though the 25P:75S and 
50P:50S blends experienced net increases in β-carotene concentration, anergetic relationships 
resulting from blending papaya and strawberry together resulted in less overall β-carotene 
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retention than the 100% control.  If blending is necessary, the 50P:50S blend should be used due 
to its net increase in overall β-carotene concentration and synergistic potential.          
 Contrary to β-cryptoxanthin and β-carotene, blending together papaya and strawberry 
nectars had minimal effect on lycopene retention after irradiation (Table-Fig. 5.10.a, 5.10.b, 
5.10.c).  As irradiation dose increased, lycopene concentration in the 25P:75S blend slightly 
decreased from 0 kGy to 2.5 kGy, significantly decreased at 5 kGy and 7.5 kGy (47.2%), and 
then increased at 10 kGy, with an overall significant decrease of 26.5% (p = 0.0001).  As 
irradiation dose increased, lycopene concentration in the 50P:50S blend significantly decreased 
from 0 kGy to 2.5 kGy, significantly decreased at 5 kGy and 7.5 kGy (58.2%), and then 
significantly increased, with an overall significant lycopene reduction of 20.3% (p = 0.0001).  
Lycopene concentration in the last blend, 75P:25S, slightly decreased from 0 kGy to 2.5 kGy, 
significantly decreased at 5 kGy (44.3%) and 7.5 kGy, and then slightly increased, with an 
overall significant 29.5% reduction in lycopene concentration (p = 0.0001).  Similar to all the 
blends, as irradiation dose increased, the 100% papaya control lycopene concentration slightly 
decreased from 0 kGy to 2.5 kGy, significantly decreased at 5 kGy and 7.5 kGy (40.4%), and 
then slightly increased  with a net loss of 24.0% (p = 0.0053).  All samples encountered similar 
significant reductions in lycopene concentration after irradiation indicating that blending papaya 
with strawberry has minimal effect on retention of lycopene concentration.  Similar reductions in 
lycopene took place between 2.5 kGy and 7.5 kGy in the blends and the 100% control. 
 Though the 25P:75S blend experienced a net loss in lycopene concentration with 
increasing irradiation dose, synergism was observed for all irradiation doses (p = 0.0091, Table 
5.10.a).  In contrast, the 50P:50S blend had observed values significantly less than expected at 5 
kGy and 7.5 kGy (p = 0.0091, p = 0.0091) and significantly indifferent observed values from 
expected values at 0 kGy, 2.5 kGy, and 10 kGy (p = 0.8361, p = 0.5091, p = 0.4773, Table 
5.10.b); the 75P:25S blend had observed values which were significantly less than expected at 0 
kGy, 2.5 kGy, 5 kGy, and 10 kGy (p = 0.0091, p = 0.0091, p = 0.0091, p = 0.0091) and 
significantly indifferent values at 7.5 kGy (p = 0.0773, Table 5.10.c).  This indicates that even 
though blending together papaya and strawberry had minimal impact on lycopene retention after 
irradiation, the 25P:75S blend is optimal due to the synergistic relationships observed.  
 Often, an irradiation dose of 2.5 kGy resulted in minimal loss in carotenoid 
concentration, with similar results seen in a study done by Beyers and others (1979) for papaya 
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and mango, 5 kGy and 7.5 kGy resulted in decreased carotenoid concentration, significant at 
times, and a release of carotenoids from the fruit matrix was observed at 10 kGy.  The reason for 
similar carotenoid retention at 0 kGy and 10 kGy can be linked to irradiation and fruit structure 
softening (Chapter III, Section 3.2.4).  As irradiation dose increased from 0 kGy to between 5 
kGy and 7.5 kGy, irradiation negatively impacted carotenoid content but then began to change 
the structure of the fruit pulp, releasing carotenoids which were previously undetected.  This may 
explain the unexpected increase in concentration at high irradiation doses.   
 
5.2.4. Impact of Processing on Pectin Methylesterase (PME) Activity 
 
Ultra High Temperature (UHT) Processing 
 Significant PME activity reduction was seen in both the 100% papaya and strawberry 
nectar controls and their respective blends (Table-Fig.5.11.a, 5.11.b, 5.11.c) as a result of UHT 
processing.  As temperature increased from 20°C to 80°C, a slight 21.2% reduction in PME 
activity in the 100% papaya control occurred and at 110°C and 135°C, similar significant 
reductions of 98.0% and 98.8% occurred, respectively (p = 0.0001).  PME activity in strawberry 
significantly decreased (43.1%) from 20°C to 80°C and at 110°C and 135°C, similar significant 
reductions of 88.5% and 93.0% occurred, respectively (p = 0.0001).  Similar to PME activity 
reductions seen in papaya and strawberry, apple juice and apricot nectar experienced near 
complete inactivation of PME activity after UHT (Sanchez and others 2008; Huang and others 
2013).  PME activity in the 25P:75S blend was significantly reduced (44.9%) from 20°C to 
80°C, and encountered equivalent significant reductions of 93.6% at both 110°C and 135°C (p = 
0.0001, Table 5.11.a).  Similar PME reduction was observed in the 50P:50S blend, being 
significantly reduced (45.0%) from 20°C to 80°C, and encountered equivalent significant 
reductions of 96.0% at both 110°C and 135°C (p = 0.0001, Table 5.11.b).  The 75P:25S blend, 
however, experienced a greater significant reduction (93.7%) as temperature increased from 
20°C to 80°C, and nearly equivalent inactivations of 96.9% and 97.5% at 110°C and 135°C, 
respectively (p = 0.0001, Table 5.11.c).  As the percentage of papaya increased, reduction of 
PME at elevated temperatures also slightly increased.  This corresponds with the trends observed 
in the 100% controls, wherein papaya PME activity reduction was less than strawberry at 80°C, 
but as temperature increased, the degree to which PME activity was reduced in papaya, 
 - 180 - 
 
increased.  Since overall PME reduction in the blends was similar to the 100% controls at 110°C 
and 135°C, but greater at 80°C, especially in the 75P:25S blend, this highlights the benefit of 
blending together papaya and strawberry nectars upon UHT. 
 Across all blends, 25P:75S, 50P:50S, and 75P:25S, controls at 20°C experienced additive 
relationships between observed and expected values (p = 0.2091, p = 1.0000, p = 0.8636, Table 
5.11.a-c).  This means that blending of the fruit nectars without processing did not significantly 
affect PME activity.  At 80°C, however, all blends experienced anergetic relationships, with 
observed values less than expected values (p = 0.0091, p = 0.0091, p = 0.0091).  These anergetic 
relationships support the increased reduction in PME activity observed at 80°C compared to the 
100% controls.  In contrast, at 110°C (p = 0.0045, p = 0.0045, p = 0.0045) and 135°C (p = 
0.0045, p = 0.0045, p = 0.0045), synergism was experienced in all blends.  These results may 
indicate that PME activity is slightly enhanced at elevated temperatures compared to expected 
values, but reasons for the observed synergism are most likely a result of the detection sensitivity 
of the assay used to quantify PME activity.  Since elevated temperatures resulted in nearly 
complete inactivation of PME, any differences between observed and expected values are minor 
and not relevant for PME induced gelling in fruit nectars. 
 Gel formation in 100% papaya nectar was completely prevented after UHT at 110°C (Table 
5.11.d), consistent with Sanchez and others (2008). No gel formation in strawberry was observed 
(Table 5.11.d) due to native PME, pectin and calcium concentrations as well as pH of the fruit 
being low (Jongen 2002; Lacroix and others 2005; Prasanna and others 2007; Sampedro and 
others 2008; Slavov and others 2009).  In order to achieve proper flow through the UHT 
machine, fresh papaya at 12
o
Bx had to be diluted to 2
o
Bx.  This dramatic dilution resulted in 
delayed gel formation and production of weaker gels than expected; this was seen by weak gels 
forming after 72 hours in the diluted papaya control at 20
o
C (Table 5.11.d), whereas fresh papaya 
formed strong gels within 24 hours.  Even with this dilution effect, based on data collected and 
PME activity extrapolated to 8
o
Bx (Table 5.11.a-c), it was able to be determined that UHT at 
110
o
C is required for prevention of undesirable gel formation in 100% papaya nectar.  The 
25P:75S blend experienced no gel formation in the control, or after UHT processing (Table 
5.11.d).  Since a slight gelling occurred in the 100% papaya control but no gel formation was 
observed in the 25P:75S control, this suggests that this ratio of papaya to strawberry nectar is 
effective at preventing gel formation without UHT.  The control at 20
o
C for both the 50P:50S 
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and 75P:25S blend experienced slight gelling after 72 hours, but after UHT processing at 80°C 
gel formation was prevented in both blends.  Extrapolated PME activities for blends of papaya 
(8
o
Bx) and strawberry (6
o
Bx) seen in Table 5.11.a-c, further support observed gel formations.  
This suggests that processing at 80°C is sufficient for reducing PME concentrations to low 
enough levels in the 50P:50S and 75P:25S blends to prevent gel formation, which is lower than 
110°C required for the 100% papaya control.  Based on the overall enhanced PME activity 
reduction at 80°C due to anergetic relationships in all blends and the inhibition of gel formation 
seen in the 50P:50S and 75P:25S blends at 80°C versus the 100% papaya control at 110°C, this 
confirms the benefit of UHT processing papaya and strawberry nectar blends (especially at 
80°C) compared to 100% papaya nectar on its own.     
  
Irradiation 
 PME activity in 100% papaya, 100% strawberry, and their respective blends was 
significantly reduced with increasing irradiation dose, but to slightly different degrees depending 
on the ratio of nectars examined (Table-Fig. 5.12.a, 5.12.b, 5.12.c); these reductions were not 
sufficient enough, however, to prevent gel formation, consistent with research carried out by 
D'Innocenzo and Lajolo (2001) and Parker and others (2010) on papaya nectar.  In the 25P:75S 
blend PME activity was significantly reduced, 21.5%, starting at 7.5 kGy (p = 0.0002, Table 
5.12.a).  To a lesser degree, PME activity was also significantly reduced in the 50P:50S and 
75P:25S blends with reductions of 13.3% starting at 2.5 kGy, and 15.1% starting at 7.5 kGy (p = 
0.0001, p = 0.0001, Table 5.12.b-c), respectively.  The 100% papaya control experienced the 
greatest reduction in PME activity, 38.1%, starting at 2.5 kGy (p = 0.0001) while the 100% 
strawberry control experienced the least reduction in PME activity, 12.4%, starting at 5 kGy (p = 
0.0018).  Based on PME reduction alone, the ratio of nectars in the 25P:75S blend allowed for 
the greatest reduction in PME activity among all blends.   
 Upon closer examination, however, observed values for the 25P:75S blend were 
statistically indifferent from expected values at 0 kGy (p = 0.8136), but at 2.5 kGy, 5 kGy, 7.5 
kGy, and 10 kGy, observed values were significantly greater than expected (p = 0.0091, p = 
0.0091, p = 0.0091, p = 0.0091, Table 5.12.a).  Similarly, at 2.5 kGy, 5 kGy, 7.5 kGy and 10 
kGy, observed values were also greater than expected in the 50P:50s blend (p = 0.0091, p = 
0.0091, p = 0.0091, p = 0.0091), but at 0 kGy the observed values were significantly less than 
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expected (p = 0.0091, Table 5.12.b).  Unlike the other two blends, the 75P:25S blend had 
observed values less than expected at 0 kGy (p = 0.0091), but at 2.5 kGy, 5 kGy, 7.5 kGy, and 10 
kGy, observed values were indifferent from expected values (p = 0.4818, p = 0.8636, p = 0.8636, 
p = 1.0000, Table 5.12.c).  This means that even though the 75P:25S blend had slightly less 
overall PME activity reduction compared to the 25P:75S blend, since additive relationships were 
observed in the 75P:25S blend as irradiation dose increased (as opposed to synergistic 
relationships which were observed in the 25P:75S and 50P:50S blends), the ratio of nectars in the 
75P:25S blend was optimal for overall PME reduction, but still less than the 100% papaya 
control.   
Looking at gel formation, strong gels formed starting after 24 hours in the 100% papaya 
control from 0 kGy through 5 kGy (Table 5.12.d).  At 7.5 kGy and 10 kGy slight gelling began 
after 24 hours, but strong gel formation was delayed until 72 hours.  This suggests that high 
irradiation doses may slow gel formation, but were not effective at completely eliminating the 
formation of gels.  This is supported with research conducted by Parker and others (2010), 
wherein papaya processed at 5 kGy and 7.5 kGy was unable to prevent gel formation.  The 100% 
strawberry control experienced no gel formation in the fresh fruit, control, or after irradiation due 
to low native concentrations of PME, pectin and calcium, as well as having a low pH (Jongen 
2002; Lacroix and others 2005; Prasanna and others 2007; Sampedro and others 2008; Slavov 
and others 2009, Table 5.12.d).  Similar to the 100% strawberry control, the 25P:75S blend 
experienced no gel formation at any treatment level examined (Table 5.12.d).  This suggests that 
the ratio of papaya to strawberry in this blend is effective at preventing gel formation, even 
without irradiation.  The 50P:50S blend, however, had slight gelling starting at 24 hours for 0 
kGy through 7.5 kGy, but at 10 kGy no gel formation was observed.  This suggests that 10 kGy 
of irradiation was effective at reducing PME activity to low enough concentrations that gel 
formation did not occur.  In the 75P:25S blend, slight gelling began after 24 hours with a strong 
gel forming after 48 hours.  At 2.5 kGy slight gelling began after 24 hours, but strong gel 
formation was prevented until 72 hours.  Slight gelling occurred after 24 hours for irradiation 
doses greater than 5 kGy, which indicates that irradiation did impact gel formation in the 
75P:25S blend, but not to low enough concentrations to prevent gel formation.  Even though 
synergism was observed in the 25P:75S blend, the low concentration of papaya allowed for 
complete prevention of gel formation without irradiation. The 50P:50S blend was able to prevent 
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gel formation after 10 kGy of irradiation, making this the only blend that allowed for an 
irradiative prevention of gel formation.      
 
5.2.5. Impact of Processing on pH and Total Solids Content (Brix) 
As temperature increased, UHT processed 100% papaya and strawberry nectar controls 
and their respective blends experienced an upward trend in pH (Table 5.11.d).  Similar research 
conducted on apple juice, canned tomatoes and tomato juice and HTST processed tomatoes 
found that increasing thermal input resulted in an increase in pH (Hamdy and Gould 1962; 
Sapers and others 1978; Gancedo and Luh 1986; Charles-Rodriguez and others 2007).  The 
upward trend in pH in these studies was determined to be thermally induced, rather than a direct 
result of enzymatic activity.  Reasons for the trend were hypothesized to result from the 
evaporative nature of some organic acids found in the fruits and thermal inactivation of enzymes 
required to carry out the Krebs Cycle.  This was further supported by lowered observed 
concentrations of oxalic acid as processing temperature increased and decreases in citric acid 
with increases in amino N (generally less acidic than citric acid) after thermal treatment of 
tomato products.  
In contrast, irradiation had minimal impact on pH across all radiation doses examined for 
the 100% controls and their respective blends (Table 5.12.d).  This observation was also 
confirmed in non-thermally processed apple juice (Charles-Rodriguez and others 2007).  Based 
on this, thermal processing tends to result in an upward trend in pH as treatment level increases, 
whereas non-thermal processing minimally impacts pH.  The difference between thermal and 
non-thermal processing’s effect on pH is crucial when developing a microbiologically safe nectar 
blend, as discussed below.  Unlike pH, total soluble solids content (Brix) for both processing 
techniques, across all treatment levels, remained constant before and after processing (Table 
5.11.d, 5.12.d), similar to results found by Parker and others (2010) and Sinha and others (2012) 
for irradiated papaya nectar.  
When producing a shelf stable commercial product, such as a papaya and strawberry 
nectar beverage, which requires canning or bottling, it is critical to monitor pH.  Maintaining 
proper pH helps to prevent pathogenic microorganism growth as well as requiring less overall 
processing to produce a safe product.  Clostridium botulinum, a gram positive, spore-forming, 
anaerobic, exotoxin producing pathogen is of concern if processing conditions are not sufficient, 
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or if pH is not kept below 4.6 (Townsend and others 1954; Sapers and others 1978; Preventing 
Foodborne Illness 2011).  Products with a pH of greater than 4.6 require additional processing, 
resulting in potentially greater nutrient loss, to produce a safe product.  The pH of 100% papaya 
nectar is greater than 4.6, whereas 100% strawberry nectar has a pH below this critical threshold 
(Table 5.11.d, 5.12.d).  Due to papaya’s high pH, more extensive processing would be required, 
compared to strawberry, to prevent C. botulinum growth.  When papaya and strawberry nectars 
are blended together, however, in the 25P:75S and 50P:50S blends, pH naturally falls below the 
critical pH of 4.6, whereas the 75P:25S blend results in a pH greater than 4.6.  This highlights the 
benefit of nectar blends, especially the 25P:75S and 50P:50S blends, in preventing C. botulinum 
growth and allowing less intensive processing to produce a shelf stable papaya and strawberry 
nectar product.     
 
5.2.6. Impact of Processing on Peroxidase (POD) Activity 
 
Ultra High Temperature (UHT) Processing 
 The effect of UHT on POD activity was dependent on the ratios of nectars examined 
(Table-Fig. 5.13.a, 5.13.b, 5.13.c).  As temperature increased from 20°C to 110°C in the 100% 
papaya control, a slight 17.5% reduction in POD activity occurred, followed by an increase at 
135°C, resulting in an overall 10.6% reduction.  These trends, however, were insignificant, 
meaning that UHT had minimal effect on POD activity in papaya nectar (p = 0.0681).  Similar to 
the slight increase in POD activity seen in papaya, green asparagus processed between 90°C and 
125°C resulted in an increase in POD activity (Tomás-Barberán and others 2001).  POD activity 
in the 100% strawberry control, however, slightly increased from 20°C to 80°C, significantly 
increased (13.2%) at 110°C (p = 0.0261), and then slightly decreased at 135°C, with an overall 
8.01% increase in POD activity (Table 5.13.a-c).  Even though POD significantly increased at 
110°C in strawberry, at 135°C POD activity was not significantly different from the control at 
20°C.  POD activity in apricot nectar also significantly increased after UHT at 110°C for 8.6 
seconds.  Complete inactivation of POD activity in apricots occurred after processing 10 minutes 
at 85°C indicating that extended processing time may be more effective at reducing POD activity 
compared to short processing times utilized in UHT (Huang and others 2013).  Looking at the 
25P:75S blend, POD activity significantly decreased from 20
o
C to 80
o
C, remained relatively 
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constant at 110
o
C, and significantly decreased at 135
o
C, with an overall 14.5% reduction in POD 
activity (p = 0.0005, Table 5.13.a).  Similarly, POD activity in the 50P:50s blend decreased from 
20
o
C to 135
o
C, with a significant 10.3% reduction occurring at 135
o
C (p = 0.0319, Table 5.13.b).  
Unlike the other two blends, POD activity in the 75P:25S blend slightly decreased from 20
o
C to 
80
o
C, slightly increased at 110
o
C, and then slightly decreased again at 135
o
C (Table 5.13.c).  
Even though a 10.2% decrease in POD activity was observed overall, trends observed for the 
75P:25S blend were insignificant (p = 0.1367).  As the ratio of papaya increased, reduction in 
POD activity also decreased, more closely mirroring the 100% papaya control.  Decreasing 
trends in POD activity for all blends were similar to that in the 100% papaya control, except 
greater increase in POD activity at elevated temperatures was seen in the 100% papaya control 
compared to the blends.  Since all blends resulted in an overall reduction in POD activity, 
significant at times, this suggests that blending of papaya and strawberry nectars beneficially 
reduces POD activity to a greater extent than 100% strawberry alone, and similarly to 100% 
papaya alone.   
 Looking closer, however, synergistic relationships were present in all blends at nearly 
every treatment level (Table 5.13.a-c).  Observed POD activity was significantly greater than 
expected values across all temperatures in both the 25P:75S blend (p = 0.0091, p = 0.0091, p = 
0.0045, p = 0.0091) and 50P:50S blend (p = 0.0091, p = 0.0091, p = 0.0091, p = 0.0091).  
Similarly, observed POD activity in the 75P:25S blend was significantly greater than expected at 
20
o
C, 80
o
C, and 110
o
C (p = 0.0091, p = 0.0091, p = 0.0091) and observed POD activity was 
significantly indifferent, but still slightly higher than expected at 135°C (p = 0.2091).  Controls 
at 20°C for all blends experienced synergism, suggesting that UHT was not solely responsible 
for the elevated observed POD activities, but instead the interaction between the two fruit 
nectars.  In order to achieve adequate nectar flow through the UHT machine, samples were 
pureed in addition to pulping, greatly reducing pulp size of the nectars.  This size reduction 
allows for greater interaction, availability, and access of POD to substrates present in both fruits, 
which may explain the elevated POD activity observed (Bender 1979).  Additionally, POD 
activity in all blends was greater than either fruit on their own, both unprocessed and after UHT.  
This means that UHT may result in reductions of POD activity in the papaya and strawberry 
nectar blends, but the synergistic response observed due to blending makes processing of nectar 
blends less desirable than either fruit processed on their own.               
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Irradiation 
The ratio of papaya to strawberry in nectar blends impacts the extent of POD activity 
after irradiation (Table-Fig. 5.14.a, 5.14.b, 5.14.c).  As irradiation dose increased, POD activity 
in the 100% papaya control slightly increased from 0 kGy to 5 kGy, significantly increased at 7.5 
kGy (16.4%) and then significantly decreased, with an overall, slight decrease of 3.77% with 
increasing irradiation dose (p = 0.0093).  The 100% strawberry control experienced a similar 
reduction in POD activity, slightly decreasing at 2.5 kGy and 5 kGy and then slightly increasing 
at 7.5 kGy and 10 kGy as irradiation increased, but overall experienced a slight reduction 
(1.43%) in POD activity (p = 0.4886).  Similar to increased activity in papaya and strawberry 
nectars at certain irradiation doses, irradiation at 1.75–2.50 kGy increased POD activity and 
browning in potato tubers, banana, mango, and peach. (Tomás-Barberán and others 2001).  
Unlike the 100% controls, as irradiation dose increased, POD activity in the 25P:75S blend 
significantly decreased at 2.5 kGy and 5 kGy (11.3%), then significantly increased at 10 kGy, 
resulting in an overall slight increase of 1.04% (p = 0.0069, Table 5.14.a).  A similar overall 
increase in POD activity was observed in the 50P:50S blend, slightly decreasing from 0 kGy to 
2.5 kGy, significantly decreasing at 5 kGy and 7.5 kGy (28.0%) and then significantly increasing 
with an overall slight net increase of 3.63% in POD activity (p = 0.0006, Table 5.14.b).  Similar 
to the 100% strawberry control, as irradiation dose increased, POD activity in the 75P:25S blend 
slightly decreased from 0 kGy to 5 kGy (19.1%) then slightly increased, with an overall 3.16% 
slight reduction in POD activity (p = 0.0658, Table 5.14.c).  Though POD activity may have 
significantly increased or decreased throughout irradiation, values at 0 kGy and 10 kGy for all 
controls and blends were not significantly different.  Reduction in POD activity, significant at 
times, tends to occur between 2.5 kGy and 7.5 kGy, but with increasing irradiation dose an 
increase in POD activity occurs to a greater extent than either of the 100% controls, with reasons 
for this further explained by fruit structure softening (Chapter III, Section 3.2.4).  
 The observed values for the 25P:75S blend at 0 kGy and 2.5 kGy were not significantly 
different from expected values (p = 0.0824, p = 0.5550), at 5 kGy and 7.5 kGy observed values 
were significantly less than expected values (p = 0.0230, p = 0.0247), and at 10 kGy the 
observed value was significantly greater than the expected value (p = 0.0001, Table 5.14.a).  A 
similar trend was seen with the 50P:50S blend wherein observed values were not significantly 
different from expected values at 0 kGy and 2.5 kGy (p = 0.2012, p = 0.3789), at 5 kGy and 7.5 
 - 187 - 
 
kGy observed values were significantly less than expected values (p = 0.0003, p = 0.0001), and 
at 10 kGy the observed value was significantly greater than the expected value (p = 0.0001, 
Table 5.14.b).  Unlike the other blends, the 75P:25S blend had observed values significantly 
greater than expected values at 0 kGy, 2.5 kGy and 10 kGy (p = 0.0001, p = 0.0010, p = 0.0001) 
and at 5 kGy and 7.5 kGy there was no significant difference between observed and expected 
values (p = 0.0912, p = 0.4104, Table 5.14.c).  The increase in POD activity at 10 kGy, discussed 
above, is supported by the fact that synergism was experienced at 10 kGy in all blends.  These 
findings also highlight that blending together papaya and strawberry, specifically the 25P:75S 
and 50P:50S blends, results in greater reduction in POD activity than the 100% controls at 5 kGy 
and 7.5 kGy of irradiation where anergetic relationships were observed.  Regardless of ratio of 
papaya to strawberry, processing between 2.5 kGy and 7.5 kGy generally acts to best reduce 
POD activity in the blends with exposure to 10 kGy counteracting this loss due to increase in 
POD activity. 
 
5.2.7. Summary 
 To further explore the synergistic potential that may exist when papaya and strawberry 
nectars are mixed together, blends were exposed to novel thermal, ultra high temperature (UHT), 
and non-thermal, irradiation, processing and analyzed for nutrient value and enzymatic activities, 
discussed below.   
 
Ascorbic Acid Content 
Both UHT and irradiation resulted in significant reductions in ascorbic acid content as 
temperature or irradiation dose increased, respectively.  Across all treatments UHT of blends 
resulted in greater ascorbic acid retention compared to irradiation.  Synergism was observed in 
all UHT processed blends compared to expected values whereas irradiation resulted in either 
anergetic or additive relationships.  Due to the anergetic relationships observed in irradiated 
blends, blending together of papaya and strawberry nectars is undesirable.  If irradiation is 
necessary, then the 50P:50S blend is optimal due to the amount of additive relationships that 
result in this blend.  UHT of the blends resulted in greater ascorbic acid retention than the blend 
controls’, expected values, as well as an increased concentration of ascorbic acid compared to 
either fruit on their own; making this technique optimal in terms of ascorbic acid retention.   
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Antioxidant Capacity 
After both UHT and irradiation, across nearly all treatment levels, mainly additive or 
synergistic relationships for antioxidant capacity were observed.  Synergism was experienced in 
all blends upon UHT, reinforcing the benefits of nectar blends in combination with this 
processing technique.  Anergetic, additive, and synergetic relationships were experienced in the 
25P:75S blend after irradiation whereas mainly synergetic relationships, and some additive 
relationships, occurred in the 50P:50S and 75P:25S blends.  Due to its synergistic relationships 
and overall increase in antioxidant capacity, the 75P:25S blend was optimal for irradiation.   
 As discussed in Chapter 1 (Section 1.6), synergistic relationships observed here may be a 
result of interactions between antioxidant constituents within the two fruits after blending.  
Previous studies done by Meletis and Barker (2004) showed that the mixing of flavonoids and 
ascorbic acid improve the absorption of ascorbic acid and acted to reduce its oxidation, making it 
more widely available for use as an antioxidant in the human body.  Another study done by 
Hazewindus and others (2012) highlighted the synergistic potential that exists between lycopene, 
ascorbic acid, and α-tocophreol, with lipid oxidation being more greatly reduced when the 
aforementioned nutrients were combined.  These are just a few of the potential health benefits 
that can result from synergistic increases in antioxidant capacity based on interactions between 
constituents in both fruits, but reinforces the notion that potential benefits may exist when 
papaya and strawberry nectar blends are processed compared to each fruit on their own. 
  
Carotenoid Concentration 
 β-cryptoxanthin concentration in papaya and strawberry nectar blends was best retained 
after irradiation, with synergism experienced in all blends..  Anergetic relationships present in all 
blends after UHT makes blending of papaya and strawberry undesirable.  The effect that either 
processing technique had on β-carotene concentration was specific to each blend.  All blends 
mainly experienced anergetic and additive relationships, with the 50P:50S blend being optimal 
for both UHT and irradiation.  Lycopene retention was greatest after UHT, with the 25P:75S 
blend having the greatest potential for synergism.  Similar to UHT, due to the synergistic 
potential of the 25P:75S blend, it was optimal for irradiation. 
 Across all carotenoids, as temperature or irradiation dose increased, carotenoid 
concentration initially decreased, followed by an increase in concentration.  Generally, loss 
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occurred at 80
o
C and 110°C for UHT and between 2.5 kGy and 7.5 kGy for irradiation.  Release 
of carotenoids from the fruit matrix occurred at 135°C and 10 kGy for each respective processing 
technique.  The reason for this trend is most likely fruit structure softening (Chapter III, Section 
3.2.4).  As temperature or irradiation dose increased, carotenoids not trapped within the fruit 
matrix were negatively impacted by processing; however at a critical point, 110°C to 135°C or 
7.5 kGy to 10 kGy, significant changes to cellular structure took place, releasing carotenoids 
which were previously undetected. This explains the observed increase at elevated treatment 
levels.  Other reasons for increased carotenoid concentration after processing may be due to 
greater extractability and enzymatic degradation.   
  
PME Activity 
 Reduction of pectin methylesterase (PME) activity was greater in UHT overall compared to 
irradiation.  In the UHT blends, reduction of PME activity was similar to the 100% controls at 
110°C and 135°C, but greater at 80°C with anergetic relationships occurring in all blends at this 
temperature.  Further supporting the benefits of nectar blends, the 25P:75S blend was able to 
prevent gel formation without UHT, whereas the 50P:50S and 75P:25S blends had prevention of 
gel formation at 80°C, less than 110°C required for the 100% papaya control.  Based on the 
overall enhanced PME activity reduction at 80°C in all blends due to anergetic relationships and 
inhibition of gel formation seen in the 50P:50S and 75P:25S blends at 80°C versus the 100% 
papaya control at 110°C, this highlights the benefits of UHT processing papaya and strawberry 
nectar blends, especially at 80°C, compared to 100% papaya nectar.  Though the 25P:75S blend 
had the greatest PME activity reduction compared to the other blends after irradiation, since 
synergistic relationships were observed in the 25P:75s and 50P:50S blends compared to the 
additive relationships in the 75P:25S blend, the 75P:25S blend is optimal for reduction of PME 
activity.  Regardless of the relationship, however, the 25P:75S blend was able to prevent gel 
formation without irradiation.  The 50P:50S blend experienced gel prevention at 10 kGy; the 
only blend to allow an irradiative prevention of gel formation.   
 
pH and Total Solids Content (Brix) 
As temperature increased, UHT processed 100% papaya and strawberry nectar controls 
and their respective blends experienced an upward trend in pH.  In contrast, irradiation had 
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minimal impact on pH across all radiation doses examined for the 100% controls and their 
respective blends.  Unlike pH, total soluble solids content (Brix) for both processing techniques, 
across all treatment levels, remained constant before and after processing.  
When producing a shelf stable commercial product, such as a papaya and strawberry 
nectar beverage, which requires canning or bottling, it is critical to monitor pH.  Clostridium 
botulinum, a gram positive, spore-forming, anaerobic, exotoxin producing pathogen is of concern 
if processing conditions are not sufficient, or if pH is not kept below 4.6.  The pH of 100% 
papaya nectar is greater than 4.6, whereas 100% strawberry nectar has a pH below this critical 
threshold.  Due to papaya’s high pH, more extensive processing would be required, compared to 
strawberry, to prevent C. botulinum growth.  When papaya and strawberry nectars are blended 
together, however, in the 25P:75S and 50P:50S blends, pH naturally falls below the critical pH 
of 4.6, whereas the 75P:25S blend results in a pH greater than 4.6.  This highlights the benefit of 
nectar blends, especially the 25P:75S and 50P:50S blends, in preventing C. botulinum growth 
and allowing less intensive processing to produce a shelf stable papaya and strawberry nectar 
product.       
 
POD Activity 
 Though blending together of papaya and strawberry nectars resulted in peroxidase (POD) 
activity reduction after UHT, synergistic relationships observed for all blends, and nearly all 
treatment levels, made this technique undesirable.  This synergism was mainly attributed to 
interactions between the fruit blends, not UHT.  Unlike UHT, irradiation was more effective at 
reducing POD activity in the nectar blends.  Anergetic relationships observed at 5 kGy and 7.5 
kGy, specifically the 25P:75S and 50P:50S blends, resulted in the greatest POD activity 
reduction, greater than either fruit processed on their own.            
 
5.2.8. Conclusions            
An upward trend in pH was observed after UHT, whereas minimal change in pH 
occurred after irradiation.  The 25P:75S and 50P:50S blends resulted in a pH below 4.6, the 
critical threshold to prevent Clostridium botulinum growth.  Ascorbic acid content was best 
retained after UHT with synergistic relationships occurring in all blends; both anergetic and 
additive relationships were observed in blends after irradiation.  Similarly, synergistic 
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relationships were observed for antioxidant capacity after UHT, with all blends resulting in an 
increase in antioxidant capacity.  Irradiated blends experienced anergetic, additive, and 
synergistic relationships for antioxidant capacity, resulting in either minimal change or an 
increase in antioxidant capacity depending on the blend examined.  Anergetic relationships were 
observed in nectar blends for β-cryptoxanthin after UHT, whereas synergistic relationships for β-
cryptoxanthin occurred after irradiation, making this technique optimal.  β-carotene 
concentration experienced anergetic and additive relationships after both UHT and irradiation, 
responding to both techniques similarly.  Lycopene concentration was best retained after UHT, 
with synergistic relationships occurring in the 25P:75S blend for both processing techniques.  
The 25P:75S blend was able to prevent gel formation without processing due to low PME 
concentrations resulting from the dilution of papaya nectar.  UHT was most effective at reducing 
PME activity, with anergetic relationships, coupled with gel prevention making processing at 
80
o
C optimal.  Regardless of the relationship, the 50P:50S blend processed at 10 kGy was the 
only blend to allow irradiative prevention of gel formation.  Synergistic relationships for POD 
activity after UHT made this processing technique undesirable.  Anergetic relationships for POD 
activity in nectar blends after irradiation resulted in greater reduction in POD activity than 
expected.  Overall, blending of papaya and strawberry nectars mainly resulted in desirable 
synergistic nutrient retention and antioxidant capacity increase, and anergetic reduction in 
enzymatic activity; optimal processing was specific to each parameter examined.    
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5.3. Tables 
 
UHT Processed 25P:75S Blend 
Temperature 
(
o
C) 
Ascorbic Acid Concentration (mg/L) 
100P 100S Observed 25P:75S Expected 25P:75S 
20 586.20
a 
± 1.70 409.98
a
 ±1.43 501.42
a
 ± 3.67 454.04 ± 0.58 
80 536.29
b
 ± 4.82 382.92
b
 ± 2.33 607.74
b
 ± 4.45 421.26* ± 1.06 
110 471.16
c
 ± 3.79 342.55
c
 ± 4.12 584.60
c 
± 4.47 374.70* ± 1.62 
135 425.59
d
 ± 7.87 328.10
c
 ± 6.15 555.17
d
 ± 2.81 352.47* ± 2.51 
Table 5.1.a. Observed vs. expected ascorbic acid concentration (mg/L) in papaya and strawberry 
nectar blend (25P:75S) after ultra high temperature processing for 1-3 s.  Results given as 
average ± SE. Values in each individual column with the same letters are not significantly 
different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)).  Expected values 
with an asterisk are significantly different from observed values (α ≤ 0.05). 
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UHT Processed 50P:50S Blend 
Temperature 
(
o
C) 
Ascorbic Acid Concentration (mg/L) 
100P 100S Observed 50P:50S Expected 50P:50S 
20 586.20
a 
± 1.70 409.98
a
 ± 1.43 532.12
a
 ± 3.63 498.09 ± 0.55 
80 536.29
b
 ± 4.82 382.92
b
 ± 2.33 643.06
b
 ± 1.14 459.60* ± 1.34 
110 471.16
c
 ± 3.79 342.55
c
 ± 4.12 605.03
c 
± 7.03 406.86* ± 1.40 
135 425.59
d
 ± 7.87 328.10
c
 ± 6.15 573.23
d
 ± 2.79 376.85* ± 2.50 
Table 5.1.b. Observed vs. expected ascorbic acid concentration (mg/L) in papaya and strawberry 
nectar blend (50P:50S) after ultra high temperature processing for 1-3 s.  Results given as 
average ± SE. Values in each individual column with the same letters are not significantly 
different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)).  Expected values 
with an asterisk are significantly different from observed values (α ≤ 0.05). 
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UHT Processed 75P:25S Blend 
Temperature 
(
o
C) 
Ascorbic Acid Concentration (mg/L) 
100P 100S Observed 75P:25S Expected 75P:25S 
20 586.20
a 
± 1.70 409.98
a
 ± 1.43 593.26
a
 ± 7.22 542.14 ± 0.66 
80 536.29
b
 ± 4.82 382.92
b
 ± 2.33 704.58
b
 ± 3.05 497.94* ± 1.83 
110 471.16
c
 ± 3.79 342.55
c
 ± 4.12 669.04
c 
± 5.42 439.01* ± 1.51 
135 425.59
d
 ± 7.87 328.10
c
 ± 6.15 612.37
d
 ± 6.42 430.01* ± 3.05 
Table 5.1.c. Observed vs. expected ascorbic acid concentration (mg/L) in papaya and strawberry 
nectar blend (75P:25S) after ultra high temperature processing for 1-3 s.  Results given as 
average ± SE. Values in each individual column with the same letters are not significantly 
different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)).  Expected values 
with an asterisk are significantly different from observed values (α ≤ 0.05). 
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Irradiation Processed 25P:75S Blend 
Radiation 
Dose (kGy) 
Ascorbic Acid Concentration (mg/L) 
100P 100S Observed 25P:75S Expected 25P:75S 
0 765.96
a 
± 5.87 571.99
a 
± 5.56 598.47
a 
± 8.50 620.48* ± 2.21 
2.5 724.80
b
± 4.76 540.01
b 
± 7.26 544.07
b 
± 6.90 586.21* ± 2.79 
5 693.57
b 
± 7.49 499.77
c 
± 7.11 521.40
bc 
± 15.65 548.22 ± 2.83 
7.5 652.41
c 
± 6.55 461.98
d 
± 8.52 480.48
cd 
± 8.43 509.59* ± 3.30 
10 584.01
d 
± 10.22 423.35
e 
± 4.03 461.43
d 
± 7.84 463.52 ± 1.98 
Table 5.2.a. Observed vs. expected ascorbic acid concentration (mg/L) in papaya and strawberry 
nectar blend (25P:75S) after processing using a Cobalt-60 irradiator.  Results given as average ± 
SE. Values in each individual column with the same letters are not significantly different 
(Tukey’s Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an asterisk are 
significantly different from observed values (α ≤ 0.05). 
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Irradiation Processed 50P:50S Blend 
Radiation 
Dose (kGy) 
Ascorbic Acid Concentration (mg/L) 
100P 100S Observed 50P:50S Expected 50P:50S 
0 765.96
a
 ± 5.87 571.99
a
±5.56 685.78
a 
± 16.68 668.97 ± 2.0215 
2.5 724.80
b
± 4.77 540.01
b
±7.26 606.41
ab 
± 23.06 632.40 ± 2.171 
5 693.57
b
± 7.49 499.77
c
±7.11 567.73
bc 
± 24.06 596.67 ± 2.582 
7.5 652.41
c
 ± 6.55 461.98
d
±8.52 534.60
bc 
±26.81 557.20 ± 2.687 
10 584.01
d
 ±10.22 423.35
e
±4.03 478.83
c 
±7.99 503.68* ± 2.745 
Table 5.2.b. Observed vs. expected ascorbic acid concentration (mg/L) in papaya and strawberry 
nectar blend (50P:50S) after processing using a Cobalt-60 irradiator.  Results given as average ± 
SE. Values in each individual column with the same letters are not significantly different 
(Tukey’s Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an asterisk are 
significantly different from observed values (α ≤ 0.05). 
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Irradiation Processed 75P:25S Blend 
Radiation 
Dose (kGy) 
Ascorbic Acid Concentration (mg/L) 
100P 100S Observed 75P:25S Expected 75P:25S 
0 765.96
a
 ± 5.87 571.99
a
 ± 5.56 700.08
a
 ± 3.88 717.46* ± 2.31 
2.5 724.80
b 
± 4.77 540.01
b 
±7.26 642.93
b
 ± 8.05 678.60* ± 2.01 
5 693.57
b
 ± 7.49 499.77
c
 ±7.11 613.76
b
 ± 8.19 645.12* ± 2.95 
7.5 652.41
c
 ± 6.55 461.98
d
 ±8.52 559.79
c
 ± 13.84 604.80 ± 2.68 
10 584.01
d
 ± 10.22 423.35
e
±4.03 530.56
c
 ± 6.00 543.84 ± 3.86 
Table 5.2.c. Observed vs. expected ascorbic acid concentration (mg/L) in papaya and strawberry 
nectar blend (75P:25S) after processing using a Cobalt-60 irradiator.  Results given as average ± 
SE. Values in each individual column with the same letters are not significantly different 
(Tukey’s Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an asterisk are 
significantly different from observed values (α ≤ 0.05). 
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UHT Processed 25P:75S Blend 
Temperature 
(
o
C) 
Antioxidant Capacity (µmol TE/g) 
100P 100S Observed 25P:75S Expected 25P:75S 
20 7.42
a
 ± 0.031 11.99
a
 ± 0.052 11.26
a
 ± 0.090 10.87 ± 0.024 
80 8.14
b
 ± 0.067 11.93
a
 ± 0.068 12.59
b
 ± 0.032 10.95* ± 0.033 
110 8.01
b 
± 0.048 13.10
b
 ± 0.10 13.48
c
 ± 0.19 11.85* ± 0.051 
135 8.74
c
 ± 0.098 13.29
b
 ± 0.11 14.27
d
 ± 0.15 12.14* ± 0.014 
Table 5.3.a. Observed vs. expected antioxidant capacity (ORAC) given as average µmol Trolox 
Equivalents/g ± SE for papaya and strawberry nectar blend (25P:75S) after ultra high 
temperature processing for 1-3 s.  Values in each individual column with the same letters are not 
significantly different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)).  
Expected values with an asterisk are significantly different from observed values (α ≤ 0.05). 
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UHT Processed 50P:50S Blend 
Temperature 
(
o
C) 
Antioxidant Capacity (µmol TE/g) 
100P 100S Observed 50P:50S Expected 50P:50S 
20 7.42
a
 ± 0.031 11.99
a
 ± 0.052 10.39
a
 ± 0.17 9.72 ± 0.017 
80 8.14
b
 ± 0.067 11.93
a
 ± 0.068 11.38
b
 ± 0.12 10.00* ± 0.028 
110 8.01
b
 ± 0.048 13.10
b
 ± 0.10 12.57
c
 ± 0.14 10.58* ± 0.036 
135 8.74
c
 ± 0.098 13.29
b
 ± 0.11 12.67
c
 ± 0.061 10.99* ± 0.031 
Table 5.3.b. Observed vs. expected antioxidant capacity (ORAC) given as average µmol Trolox 
Equivalents/g ± SE for papaya and strawberry nectar blend (50P:50S) after ultra high 
temperature processing for 1-3 s.  Values in each individual column with the same letters are not 
significantly different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)).  
Expected values with an asterisk are significantly different from observed values (α ≤ 0.05). 
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UHT Processed 75P:25S Blend 
Temperature 
(
o
C) 
Antioxidant Capacity (µmol TE/g) 
100P 100S Observed 75P:25S Expected 75P:25S 
20 7.42
a
 ± 0.031 11.99
a
 ± 0.052 9.47
a
 ± 0.11 8.57 ± 0.011 
80 8.14
b
 ± 0.067 11.93
a
 ± 0.068 11.90
b
 ± 0.10 9.06* ± 0.031 
110 8.01
b
 ± 0.048 13.10
b
 ± 0.10 12.03
b
 ± 0.14 9.30* ± 0.027 
135 8.74
c
 ± 0.098 13.29
b
 ± 0.11 12.19
b
 ± 0.14 9.84* ± 0.045 
Table 5.3.c. Observed vs. expected antioxidant capacity (ORAC) given as average µmol Trolox 
Equivalents/g ± SE for papaya and strawberry nectar blend (75P:25S) after ultra high 
temperature processing for 1-3 s.  Values in each individual column with the same letters are not 
significantly different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)).  
Expected values with an asterisk are significantly different from observed values (α ≤ 0.05). 
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Irradiation Processed 25P:75S Blend 
Radiation 
Dose (kGy) 
Antioxidant Capacity (µmol TE/g) 
100P 100S Observed 25P:75S Expected 25P:75S 
0 2.47
a
 ±0.085 13.57
a 
± 0.57 12.09
a
 ± 0.22 10.86 ± 0.28 
2.5 2.79
a
 ± 0.083 14.51
ab
 ± 0.14 12.14
a
 ± 0.15 11.53* ± 0.06 
5 3.58
b
 ± 0.098 15.86
b
 ± 0.090 12.09
a
 ± 0.26 12.76* ± 0.05 
7.5 3.35
b 
± 0.15 15.43
ab
 ± 0.62 11.90
a 
 ± 0.16 12.28 ± 0.17 
10 3.59
b
 ± 0.017 15.47
ab
 ± 0.090 12.10
a
 ± 0.24 12.52 ± 0.04 
Table 5.4.a. Observed vs. expected antioxidant capacity (ORAC) given as average µmol Trolox 
Equivalents/g ± SE for papaya and strawberry nectar blend (25P:75S) after processing using a 
Cobalt-60 irradiator.  Values in each individual column with the same letters are not significantly 
different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)).  Expected values 
with an asterisk are significantly different from observed values (α ≤ 0.05). 
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Irradiation Processed 50P:50S Blend 
Radiation 
Dose (kGy) 
Antioxidant Capacity (µmol TE/g) 
100P 100S Observed 50P:50S Expected 50P:50S 
0 2.47
a
 ± 0.085 13.57
a
 ± 0.57 10.31
a 
± 0.17 8.06* ± 0.19 
2.5 2.79
a
 ± 0.083 14.51
ab
 ± 0.14 10.75
a 
± 0.14 8.63* ± 0.046 
5 3.58
b
 ± 0.098 15.86
b
 ± 0.090 11.14
a
 ± 0.37 9.68* ± 0.041 
7.5 3.35
b
 ± 0.15 15.43
ab
 ± 0.62 10.95
a
 ± 0.11 9.29* ± 0.12 
10 3.60
b
 ± 0.017 15.47
ab
 ± 0.090 11.53
a
 ± 0.036 9.55* ± 0.026 
Table 5.4.b. Observed vs. expected antioxidant capacity (ORAC) given as average µmol Trolox 
Equivalents/g ± SE for papaya and strawberry nectar blend (50P:50S) after processing using a 
Cobalt-60 irradiator.  Values in each individual column with the same letters are not significantly 
different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)).  Expected values 
with an asterisk are significantly different from observed values (α ≤ 0.05). 
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Irradiation Processed 75P:25S Blend 
Radiation 
Dose (kGy) 
Antioxidant Capacity (µmol TE/g) 
100P 100S Observed 75P:25S Expected 75P:25S 
0 2.47
a 
± 0.085 13.57
a
 ± 0.57 6.21
a
 ± 0.058 5.25* ± 0.098 
2.5 2.79
a
 ± 0.083 14.51
ab 
± 0.14 6.10
a
 ± 0.12 5.73* ± 0.033 
5 3.58
b
 ± 0.098 15.86
b 
± 0.090 6.16
a
 ± 0.17 6.61 ± 0.038 
7.5 3.35
b
 ± 0.15 15.43
ab 
± 0.62 6.24
a
 ± 0.15 6.29 ± 0.068 
10 3.59
b
 ± 0.017 15.47
ab 
± 0.090 7.53
b
 ± 0.19 657* ± 0.016 
Table 5.4.c. Observed vs. expected antioxidant capacity (ORAC) given as average µmol Trolox 
Equivalents/g ± SE for papaya and strawberry nectar blend (75P:25S) after processing using a 
Cobalt-60 irradiator.  Values in each individual column with the same letters are not significantly 
different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)).  Expected values 
with an asterisk are significantly different from observed values (α ≤ 0.05). 
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UHT Processed 25P:75S Blend 
Temperature 
(
o
C) 
β-Cryptoxanthin Concentration (µg/100 g) 
100P Observed 25P:75S Expected 25P:75S 
20 23.85
a
 ± 0.82 7.20
ab
 ± 0.077 5.96* ± 0.10 
80 21.54
a
 ± 0.67 6.84
b
 ± 0.12 5.39* ± 0.084 
110 21.25
a
 ± 0.40 7.05
ab
 ± 0.035 5.31* ± 0.050 
135 36.26
b
 ± 1.41 7.39
a
 ± 0.12 9.06* ± 0.18 
Table 5.5.a. Observed vs. expected β-cryptoxanthin concentration given as average µg/100 g. ± 
SE for papaya and strawberry nectar blend (25P:75S) after ultra high temperature processing for 
1-3 s.  Values in each individual column with the same letters are not significantly different 
(Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)).  Expected values with an 
asterisk are significantly different from observed values (α ≤ 0.05). 
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UHT Processed 50P:50S Blend 
Temperature 
(
o
C) 
β-Cryptoxanthin Concentration (µg/100 g) 
100P Observed 50P:50S Expected 50P:50S 
20 23.85
a
 ± 0.82 9.32
a
 ± 0.18 11.92* ± 0.21 
80 21.54
a 
± 0.67 8.80
a
 ± 0.23 10.77* ± 0.17 
110 21.25
a 
± 0.40 8.85
a
± 0.20 10.63*± 0.10 
135 36.26
b
 ± 1.41 10.99
b
 ± 0.36 18.13* ± 0.35 
Table 5.5.b. Observed vs. expected β-cryptoxanthin concentration given as average µg/100 g. ± 
SE for papaya and strawberry nectar blend (50P:50S) after ultra high temperature processing for 
1-3 s.  Values in each individual column with the same letters are not significantly different 
(Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)).  Expected values with an 
asterisk are significantly different from observed values (α ≤ 0.05). 
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UHT Processed 75P:25S Blend 
Temperature 
(
o
C) 
β-Cryptoxanthin Concentration (µg/100 g) 
100P Observed 75P:25S Expected 75P:25S 
20 23.85
a 
± 0.82 14.79
a
 ± 1.13 17.88 ± 0.31 
80 21.54
a
 ± 0.67 13.37
a 
± 0.98 16.16* ± 0.25 
110 21.25
a
 ± 0.40 13.14
a 
± 0.77 15.94* ± 0.15 
135 36.26
b
 ± 1.41 22.71
b
 ± 2.25 27.19 ± 0.53 
Table 5.5.c. Observed vs. expected β-cryptoxanthin concentration given as average µg/100 g. ± 
SE for papaya and strawberry nectar blend (75P:25S) after ultra high temperature processing for 
1-3 s.  Values in each individual column with the same letters are not significantly different 
(Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)).  Expected values with an 
asterisk are significantly different from observed values (α ≤ 0.05). 
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Irradiation Processed 25P:75S Blend 
Radiation Dose 
(kGy) 
β-Cryptoxanthin Concentration (µg/100 g) 
100P Observed 25P:75S Expected 25P:75S 
0 22.38
a 
± 2.21 9.48
a
 ± 0.37 5.60* ± 0.28 
2.5 20.50
ab
 ± 1.24 9.10
a
 ± 0.22 5.12* ± 0.15 
5 15.38
bc
 ± 0.74 9.55
a
 ± 0.62 3.85* ± 0.092 
7.5 13.96
c
 ± 0.13 8.88
a
 ± 0.34 3.49* ± 0.016 
10 24.20
a
 ± 1.34 10.14
a
 ± 0.55 6.05* ± 0.17 
Table 5.6.a. Observed vs. expected β-cryptoxanthin concentration given as average µg/100 g. ± 
SE for papaya and strawberry nectar blend (25P:75S) after processing using a Cobalt-60 
irradiator.  Values in each individual column with the same letters are not significantly different 
(Tukey’s Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an asterisk are 
significantly different from observed values (α ≤ 0.05). 
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Irradiation Processed 50P:50S Blend 
Radiation Dose 
(kGy) 
β-Cryptoxanthin Concentration (µg/100 g) 
100P Observed 50P:50S Expected 50P:50S 
0 22.38
a 
± 2.21 14.63
a
 ± 0.36 11.19* ± 0.55 
2.5 20.50
ab
 ± 1.24 13.96
a
 ± 0.24 10.25* ± 0.31 
5 15.38
bc
 ± 0.74 11.86
b
 ± 0.17 7.69* ± 0.18 
7.5 13.96
c
 ± 0.13 10.97
b
 ± 0.14 6.98* ± 0.032 
10 24.20
a
 ± 1.34 19.57
c
 ± 0.54 12.10* ± 0.33 
Table 5.6.b. Observed vs. expected β-cryptoxanthin concentration given as average µg/100 g. ± 
SE for papaya and strawberry nectar blend (50P:50S) after processing using a Cobalt-60 
irradiator.  Values in each individual column with the same letters are not significantly different 
(Tukey’s Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an asterisk are 
significantly different from observed values α ≤ 0.05). 
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Irradiation Processed 75P:25S Blend 
Radiation Dose 
(kGy) 
β-Cryptoxanthin Concentration (µg/100 g) 
100P Observed 75P:25S Expected 75P:25S 
0 22.38
a 
± 2.21 17.33
a
 ± 0.089 16.79 ± 0.83 
2.5 20.50
ab
 ± 1.24 16.31
ab
 ± 0.70 15.37 ± 0.46 
5 15.38
bc
 ± 0.74 14.48
ab
 ± 0.99 11.54* ± 0.28 
7.5 13.96
c
 ± 0.13 13.50
b
 ± 0.54 10.47* ± 0.048 
10 24.20
a
 ± 1.34 16.50
a
 ± 0.35 18.15 ± 0.50 
Table 5.6.c. Observed vs. expected β-cryptoxanthin concentration given as average µg/100 g. ± 
SE for papaya and strawberry nectar blend (75P:25S) after processing using a Cobalt-60 
irradiator.  Values in each individual column with the same letters are not significantly different 
(Tukey’s Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an asterisk are 
significantly different from observed values (α ≤ 0.05). 
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UHT Processed 25P:75S Blend 
Temperature 
(
o
C) 
β-Carotene Concentration (µg/100 g) 
100P Observed 25P:75S Expected 25P:75S 
20 231.74
a
 ± 5.03 53.12
a
 ± 4.06 57.94 ± 0.63 
80 213.37
b
 ± 6.35 27.66
b
 ± 1.99 53.34* ± 0.67 
110 181.30
c
 ± 2.87 30.72
b
± 1.32 45.33* ± 0.36 
135 247.22
a 
± 5.80 51.86
a
 ± 2.66 61.81* ± 0.73 
Table 5.7.a. Observed vs. expected β-carotene concentration given as average µg/100 g. ± SE 
for papaya and strawberry nectar blend (25P:75S) after ultra high temperature processing for 1-3 
s.  Values in each individual column with the same letters are not significantly different (Tukey’s 
Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)).  Expected values with an asterisk are 
significantly different from observed values (α ≤ 0.05). 
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UHT Processed 50P:50S Blend 
Temperature 
(
o
C) 
β-Carotene Concentration (µg/100 g) 
100P Observed 50P:50S Expected 50P:50S 
20 231.74
a
 ± 5.03 105.51
a
 ± 6.26 115.87 ± 1.26 
80 213.37
b
 ± 6.35 100.20
a
 ± 8.31 106.68 ± 1.34 
110 181.30
c 
± 2.87 94.57
a
± 7.14 90.65 ± 0.72 
135 247.22
a
 ± 5.80 103.57
a
 ± 4.10 123.61* ± 1.45 
Table 5.7.b. Observed vs. expected β-carotene concentration given as average µg/100 g. ± SE 
for papaya and strawberry nectar blend (50P:50S) after ultra high temperature processing for 1-3 
s.  Values in each individual column with the same letters are not significantly different (Tukey’s 
Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)).  Expected values with an asterisk are 
significantly different from observed values (α ≤ 0.05). 
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UHT Processed 75P:25S Blend 
Temperature 
(
o
C) 
β-Carotene Concentration (µg/100 g) 
100P Observed 75P:25S Expected 75P:25S 
20 231.74
a
 ± 5.03 158.29
ab
 ± 7.23 173.81* ± 1.89 
80 213.37
b
 ± 6.35 145.78
b
 ± 2.68 160.03* ± 2.01 
110 181.30
c 
± 2.87 124.37
c
± 1.92 135.98 *± 1.08 
135 247.22
a
 ± 5.80 168.36
a
 ± 0.84 185.42* ± 2.18 
Table 5.7.c. Observed vs. expected β-carotene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (75P:25S) after ultra high temperature processing for 1-3 s.  
Values in each individual column with the same letters are not significantly different (Tukey’s 
Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)).  Expected values with an asterisk are 
significantly different from observed values (α ≤ 0.05). 
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Irradiation Processed 25P:75S Blend 
Radiation Dose 
(kGy) 
β-Carotene Concentration (µg/100 g) 
100P Observed 25P:75S Expected 25P:75S 
0 217.94
a 
± 10.93 32.02
ab
 ± 2.79 54.48* ± 1.37 
2.5 211.82
a
 ± 15.48 32.30
ab
 ± 4.27 52.96* ± 1.94 
5 154.31
bc
 ± 7.45 15.10
c
 ± 1.60 38.58* ± 0.93 
7.5 123.51
c
 ± 13.12 24.68
bc
 ± 2.57 30.88 ± 1.64 
10 197.96
ab
 ± 4.03 38.83
a
 ± 2.57 49.49* ± 0.50 
Table 5.8.a. Observed vs. expected β-carotene concentration given as average µg/100 g. ± SE 
for papaya and strawberry nectar blend (25P:75S) after processing using a Cobalt-60 irradiator.  
Values in each individual column with the same letters are not significantly different (Tukey’s 
Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an asterisk are significantly 
different from observed values (α ≤ 0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 - 214 - 
 
Irradiation Processed 50P:50S Blend 
Radiation Dose 
(kGy) 
β-Carotene Concentration (µg/100 g) 
100P Observed 50P:50S Expected 50P:50S 
0 217.94
a 
± 10.93 105.25
a
 ± 6.68 108.97 ± 2.73 
2.5 211.82
a
 ± 15.48 125.72
a
 ± 12.07 105.91 ± 3.87 
5 154.31
bc
 ± 7.45 57.02
b
 ± 3.97 77.16* ± 1.86 
7.5 123.51
c
 ± 13.12 37.47
b
 ± 2.50 61.76* ± 3.28 
10 197.96
ab
 ± 4.03 113.34
a
 ± 4.63 98.98* ± 1.01 
Table 5.8.b. Observed vs. expected β-carotene concentration given as average µg/100 g. ± SE 
for papaya and strawberry nectar blend (50P:50S) after processing using a Cobalt-60 irradiator.  
Values in each individual column with the same letters are not significantly different (Tukey’s 
Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an asterisk are significantly 
different from observed values (α ≤ 0.05). 
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Irradiation Processed 75P:25S Blend 
Radiation Dose 
(kGy) 
β-Carotene Concentration (µg/100 g) 
100P Observed 75P:25S Expected 75P:25S 
0 217.94
a 
± 10.93 156.09
a
 ± 5.40 163.45 ± 4.10 
2.5 211.82
a
 ± 15.48 124.12
ab
 ± 1.04 158.87* ± 5.81 
5 154.31
bc
 ± 7.45 79.47
cd
 ± 13.26 115.74* ± 2.79 
7.5 123.51
c
 ± 13.12 58.87
d
 ± 5.50 92.63* ± 4.92 
10 197.96
ab
 ± 4.03 104.21
bc
 ± 8.00 148.47* ± 1.51 
Table 5.8.c. Observed vs. expected β-carotene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (75P:25S) after processing using a Cobalt-60 irradiator.  
Values in each individual column with the same letters are not significantly different (Tukey’s 
Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an asterisk are significantly 
different from observed values (α ≤ 0.05). 
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UHT Processed 25P:75S Blend 
Temperature 
(
o
C) 
Lycopene Concentration (µg/100 g) 
100P Observed 25P:75S Expected 25P:75S 
20 2350.26
ab
 ± 48.24 665.76
a
 ± 22.58 587.56* ± 6.03 
80 2267.67
bc 
± 24.56 571.50
a
 ± 29.99 566.92 ± 3.07 
110 2095.92
c
 ± 74.31 593.91
a
± 20.49 523.98* ± 9.29 
135 2563.34
a
 ± 58.48 655.96
a 
± 20.06 640.84 ± 7.31 
Table 5.9.a. Observed vs. expected lycopene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (25P:75S) after ultra high temperature processing for 1-3 s.  
Values in each individual column with the same letters are not significantly different (Tukey’s 
Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an asterisk are significantly 
different from observed values (α ≤ 0.05). 
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UHT Processed 50P:50S Blend 
Temperature 
(
o
C) 
Lycopene Concentration (µg/100 g) 
100P Observed 50P:50S Expected 50P:50S 
20 2350.26
ab
 ± 48.24 1164.58
a
 ± 38.61 1175.13 ± 12.06 
80 2267.67
bc
 ± 24.56 1119.90
a 
± 17.83 1133.83 ± 6.14 
110 2095.92
c 
± 74.31 1054.99
a
± 29.72 1047.96 ± 18.68 
135 2563.34
a
 ± 58.48 1147.83
a
 ± 34.31 1281.67* ± 14.62 
Table 5.9.b. Observed vs. expected lycopene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (50P:50S) after ultra high temperature processing for 1-3 s.  
Values in each individual column with the same letters are not significantly different (Tukey’s 
Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an asterisk are significantly 
different from observed values (α ≤ 0.05). 
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UHT Processed 75P:25S Blend 
Temperature 
(
o
C) 
Lycopene Concentration (µg/100 g) 
100P Observed 75P:25S Expected 75P:25S 
20 2350.26
ab
± 48.24 1221.18
ab
 ± 20.54 1762.69* ± 18.09 
80 2267.67
bc
 ± 24.56 1178.92
b
 ± 24.40 1700.75* ± 9.21 
110 2095.92
c 
± 74.31 1088.98
b
± 28.57 1571.94* ± 27.87 
135 2563.34
a
 ± 58.48 1332.53
a
 ± 43.66 1922.51* ± 21.93 
Table 5.9.c. Observed vs. expected lycopene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (75P:25S) after ultra high temperature processing for 1-3 s.  
Values in each individual column with the same letters are not significantly different (Tukey’s 
Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an asterisk are significantly 
different from observed values (α ≤ 0.05). 
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Irradiation Processed 25P:75S Blend 
Radiation Dose 
(kGy) 
Lycopene Concentration (µg/100 g) 
100P Observed 25P:75S Expected 25P:75S 
0 1805.73
a 
± 83.79 773.36
a
 ± 31.70 451.43* ± 10.47 
2.5 1597.29
ab
 ± 102.10 699.18
ab
 ± 41.46 399.32* ± 12.76 
5 1280.65
bc
 ± 107.36 443.17
c
 ± 34.37 320.16* ± 13.42 
7.5 1075.85
c
 ± 105.68 408.64
c
 ± 7.35 268.96* ± 13.21 
10 1372.46
abc
 ± 123.68 568.42
bc
 ± 44.02 323.12* ± 15.46 
Table 5.10.a. Observed vs. expected lycopene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (25P:75S) after processing using a Cobalt-60 irradiator.  
Values in each individual column with the same letters are not significantly different (Tukey’s 
Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an asterisk are significantly 
different from observed values (α ≤ 0.05). 
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Irradiation Processed 50P:50S Blend 
Radiation Dose 
(kGy) 
Lycopene Concentration (µg/100 g) 
100P Observed 50P:50S Expected 50P:50S 
0 1805.73
a 
± 83.79 907.15
a
 ± 47.12 902.86 ± 20.95 
2.5 1597.29
ab
 ± 102.10 751.39
b
 ± 17.09 798.65 ± 25.52 
5 1280.65
bc
 ± 107.36 444.24
c
 ± 8.06 640.33* ± 26.84 
7.5 1075.85
c
 ± 105.68 378.864
c
 ± 13.25 537.93* ± 26.42 
10 1372.46
abc
 ± 123.68 624.56
b
 ± 45.01 686.23 ± 30.92 
Table 5.10.b. Observed vs. expected lycopene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (50P:50S) after processing using a Cobalt-60 irradiator.  
Values in each individual column with the same letters are not significantly different (Tukey’s 
Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an asterisk are significantly 
different from observed values (α ≤ 0.05). 
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Irradiation Processed 75P:25S Blend 
Radiation Dose 
(kGy) 
Lycopene Concentration (µg/100 g) 
100P Observed 75P:25S Expected 75P:25S 
0 1805.73
a 
± 83.79 1044.56
a
 ± 32.24 1354.30* ± 31.42 
2.5 1597.29
ab
 ± 102.10 896.10
b
 ± 19.52 1197.97* ± 38.29 
5 1280.65
bc
 ± 107.36 670.92
c
 ± 27.12 960.49* ± 40.26 
7.5 1075.85
c
 ± 105.68 581.56
c
 ± 48.39 806.89 ± 39.63 
10 1372.46
abc
 ± 123.68 735.92
bc
 ± 55.44 1029.35* ± 46.38 
Table 5.10.c. Observed vs. expected lycopene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (75P:25S) after processing using a Cobalt-60 irradiator.  
Values in each individual column with the same letters are not significantly different (Tukey’s 
Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an asterisk are significantly 
different from observed values (α ≤ 0.05). 
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UHT Processed 25P:75S Blend 
Temperature 
(
o
C) 
PME Activity (mEq/min/g) 
100P 100S Observed 25P:75S Expected 25P:75S 
20 9.60a  ± 0.221 1.24 ± 0.703 3.25a ± 0.190 3.33 ± 0.327 
80 9.34a ± 0.254 0.703 ± 9.8x10-3 1.79b ± 0.684 2.87* ± 0.32 
110 0.194b ± 3.17x10-3 0.143 ± 9.55x10-5 0.207c ± 6.92x10-5 0.155* ± 3.97x10-4 
135 0.114b ± 1.36x10-15 0.0876 ± 1.90x10-3 0.207c ± 1.49x10-4 0.0943* ± 7.14x10-4 
Table 5.11.a. Observed vs. expected pectinesterase activity (PME) given as (mEq NaOH/min/g) 
for papaya and strawberry nectar blend (25P:75S) after ultra high temperature processing for 1-3 
s.  Results given as (average ± SE) x 1000.  Values in each individual column with the same 
letters are not significantly different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 
0.05)).  Expected values with an asterisk are significantly different from observed values (α ≤ 
0.05). 
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UHT Processed 50P:50S Blend 
Temperature 
(
o
C) 
PME Activity (mEq/min/g) 
100P 100S Observed 50P:50S Expected 50P:50S 
20 9.60a ± 0.221 1.24a ± 0.703 5.36a ± 0.187 5.42 ± 0.0564 
80 9.34a ± 0.254 0.703b ± 9.8x10-3 2.95b ± 0.0909 5.05* ± 0.0635 
110 0.194b ± 3.17x10-3 0.143c ± 9.55x10-5 0.214c ± 3.21x10-5 0.168*± 7.92x10-4 
135 0.114b ± 1.36x10-15 0.0876c ± 1.90x10-3 0.214c ± 1.50x10-4 0.101* ± 4.76x10-4 
Table 5.11.b. Observed vs. expected pectinesterase activity (PME) given as (mEq NaOH/min/g) 
for papaya and strawberry nectar blend (50P:50S) after ultra high temperature processing for 1-3 
s.  Results given as (average ± SE) x 1000.  Values in each individual column with the same 
letters are not significantly different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 
0.05)).  Expected values with an asterisk are significantly different from observed values (α ≤ 
0.05). 
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UHT Processed 75P:25S Blend 
Temperature 
(
o
C) 
PME Activity (mEq/min/g) 
100P 100S Observed 75P:25S Expected 75P:25S 
20 9.60a ± 0.221 1.24a ± 0.703 7.41a ± 0.0723 7.51 ± 0.083 
80 9.34a ± 0.254 0.703b ± 9.8x10-3 0.464b ± 7.73x10-3 7.22* ± 0.0952 
110 0.194b ± 3.17x10-3 0.143c ± 9.55x10-5 0.228c ±8.55x10-5 0.181* ± 1.19x10-3 
135 0.114b ± 1.36x10-15 0.0876c ± 1.90x10-3 0.186c ± 3.25x10-3 0.108* ± 2.38x10-4 
Table 5.11.c. Observed vs. expected pectinesterase activity (PME) given as (mEq NaOH/min/g) 
for papaya and strawberry nectar blend (75P:25S) after ultra high temperature processing for 1-3 
s.  Results given as (average ± SE) x 1000.  Values in each individual column with the same 
letters are not significantly different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 
0.05)).  Expected values with an asterisk are significantly different from observed values (α ≤ 
0.05). 
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UHT Processed 100% Papaya 
Temperature 
(
o
C) 
pH Brix (
o
Bx) 
 Gel Formation 
24 hours 48 hours 72 hours 
Fresh Fruit 5.31 12.0 Strong gel Strong gel Strong gel 
20 5.30 2.0 No gel No gel Slight gelling 
80 5.36 2.0 No gel No gel Slight gelling 
110 5.52 2.0 No gel No gel No gel 
135 6.02 2.0 No gel No gel No gel 
UHT Processed 100% Strawberry 
Temperature 
(
o
C) 
pH Brix (
o
Bx) 
 Gel Formation 
24 hours 48 hours 72 hours 
Fresh Fruit 3.47 10.2 No gel No gel No gel 
20 3.48 2.0 No gel No gel No gel 
80 3.57 2.0 No gel No gel No gel 
110 3.58 2.0 No gel No gel No gel 
135 3.67 2.0 No gel No gel No gel 
UHT Processed 25P:75S Blend 
Temperature 
(
o
C) 
pH Brix (
o
Bx) 
 Gel Formation 
24 hours 48 hours 72 hours 
20 3.91 2.0 No gel No gel No gelling 
80 3.96 2.0 No gel No gel No gel 
110 4.02 2.0 No gel No gel No gel 
135 4.10 2.0 No gel No gel No gel 
UHT Processed 50P:50S Blend 
Temperature 
(
o
C) 
pH Rix (
o
Bx) 
 Gel Formation 
24 hours 48 hours 72 hours 
20 4.11 2.0 No gel No gel Slight gelling 
80 4.19 2.0 No gel No gel No gel 
110 4.30 2.0 No gel No gel No gel 
135 4.40 2.0 No gel No gel No gel 
UHT Processed 75P:25S Blend 
Temperature 
(
o
C) 
pH Brix (
o
Bx) 
 Gel Formation 
24 hours 48 hours 72 hours 
20 4.78 2.0 No gel No gel Slight gelling 
80 4.67 2.0 No gel No gel No gel 
110 4.70 2.0 No gel No gel No gel 
135 4.76 2.0 No gel No gel No gel 
Table 5.11.d. pH, Brix (
o
Bx), and gel formation for papaya and strawberry nectar 100% controls 
and their respective blends (25P:75S, 50P:50S, 75P:25S) after ultra high temperature processing 
for 1-3 s.  
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Irradiation Processed 25P:75S Blend 
Radiation 
Dose (kGy) 
PME Activity (mEq/min/g) 
100P 100S Observed 25P:75S Expected 25P:75S 
0 8.89a ± 0.366 0.713a ± 3.79x10-4 2.76a ± 0.0486 2.76 ± 0.0458 
2.5 6.37b ± 0.212 0.677ab ± 0.0201 2.69a ± 0.120 2.1* ± 0.0276 
5 6.05b ± 0.188 0.643b ± 2.59x10-3 2.49ab ±0.045 1.99* ± 0.0235 
7.5 5.79b ± 0.00753 0.628b ± 0.0144 2.23bc ± 0.0465 1.92* ± 0.0109 
10 5.50b ± 0.103 0.625b ± 0.0101 2.17c ± 0.0242 1.84* ± 0.0135 
Table 5.12.a. Observed vs. expected pectinesterase activity (PME) given as (mEq NaOH/min/g) 
for papaya and strawberry nectar blend (25P:75S) after processing using a Cobalt-60 irradiator.  
Results given as (average ± SE) x 1000.  Values in each individual column with the same letters 
are not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)).  Expected values 
with an asterisk are significantly different from observed values (α ≤ 0.05). 
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Irradiation Processed 50P:50S Blend 
Radiation 
Dose (kGy) 
PME Activity (mEq/min/g) 
100P 100S Observed 50P:50S Expected 50P:50S 
0 8.89a ± 0.366 0.713a ± 3.79x10-4 4.27a ± 3.13x10-3 4.80* ± 0.0916 
2.5 6.37b ± 0.212 0.677ab ± 2.01x10-2 4.13b ± 2.17x10-3 3.52* ± 0.0534 
5 6.05b ± 0.188 0.643b ± 2.59x10-3 3.99c ±4.02x10-3 3.35* ± 0.047 
7.5 5.79b ± 0.0753 0.628b ± 1.44x10-2 3.89d ± 0.0228 3.21* ± 0.0192 
10 5.50b ± 0.103 0.625b ± 1.01x10-2 3.71e ± 6.91x10-3 3.06* ± 0.026 
Table 5.12.b. Observed vs. expected pectinesterase activity (PME) given as (mEq NaOH/min/g) 
for papaya and strawberry nectar blend (50P:50S) after processing using a Cobalt-60 irradiator.  
Results given as (average ± SE) x 1000.  Values in each individual column with the same letters 
are not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)).  Expected values 
with an asterisk are significantly different from observed values (α ≤ 0.05). 
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Irradiation Processed 75P:25S Blend 
Radiation 
Dose (kGy) 
PME Activity (mEq/min/g) 
100P 100S Observed 75P:25S Expected 75P:25S 
0 8.89a ± 0.366 0.713a ± 3.79x10-4 5.04a± 0.0486 6.85* ± 0.137 
2.5 6.37b ± 0.212 0.677ab  ± 0.0201 4.87a ± 0.0254 4.95 ± 0.0797 
5 6.05b ± 0.188 0.643b ± 2.59x10-3 4.73ab ±0.0269 4.7 ± 0.0705 
7.5 5.79b ± 0.0753 0.628b± 0.0144 4.44bc ± 0.155 4.5 ± 0.0283 
10 5.50b ± 0.103 0.625b ± 0.0101 4.28c ± 0.0846 4.28 ± 0.0388 
Table 5.12.c. Observed vs. expected pectinesterase activity (PME) given as (mEq NaOH/min/g) 
for papaya and strawberry nectar blend (75P:25S) after processing using a Cobalt-60 irradiator.  
Results given as (average ± SE) x 1000.  Values in each individual column with the same letters 
are not significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)).  Expected values 
with an asterisk are significantly different from observed values (α ≤ 0.05). 
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Irradiation Processed 100% Papaya 
Radiation 
Dose (kGy) 
pH Brix (
o
Bx) 
 Gel Formation 
24 hours 48 hours 72 hours 
Fresh Fruit 5.31 9.8 Strong gel Strong gel Strong gel 
0 5.30 8.0 Strong gel Strong gel Strong gel 
2.5 5.32 8.0 Strong gel Strong gel Strong gel 
5 5.31 8.0 Strong gel Strong gel Strong gel 
7.5 5.32 8.0 Slight gelling Slight gelling Strong gel 
10 5.32 8.0 Slight gelling Slight gelling Strong gel 
Irradiation Processed 100% Strawberry 
Radiation 
Dose (kGy) 
pH Brix (
o
Bx) 
 Gel Formation 
24 hours 48 hours 72 hours 
Fresh Fruit 3.61 7.1 No gel No gel No gel 
0 3.62 6.0 No gel No gel No gel 
2.5 3.63 6.0 No gel No gel No gel 
5 3.62 6.0 No gel No gel No gel 
7.5 3.62 6.0 No gel No gel No gel 
10 3.63 6.0 No gel No gel No gel 
Irradiation Processed 25P:75S Blend 
0 3.87 6.8 No gel No gel No gel 
2.5 3.88 6.8 No gel No gel No gel 
5 3.88 6.8 No gel No gel No gel 
7.5 3.88 6.8 No gel No gel No gel 
10 3.88 6.8 No gel No gel No gel 
Irradiation Processed  50P:50S Blend 
0 4.11 7.0 Slight gelling Slight gelling Slight gelling 
2.5 4.12 7.0 Slight gelling Slight gelling Slight gelling 
5 4.11 7.0 Slight gelling Slight gelling Slight gelling 
7.5 4.11 7.0 Slight gelling Slight gelling Slight gelling 
10 4.11 7.0 No gel No gel No gel 
Irradiation Processed 75P:25S Blend 
0 4.60 7.2 Slight gelling Strong gel Strong gel 
2.5 4.59 7.2 Slight gelling Slight gelling Strong gel 
5 4.61 7.2 Slight gelling Slight gelling Slight gelling 
7.5 4.59 7.2 Slight gelling Slight gelling Slight gelling 
10 4.61 7.2 Slight gelling Slight gelling Slight gelling 
Table 5.12.d. pH, Brix (
o
Bx) and gel formation for papaya and strawberry 100% controls and 
their respective blends (25P:75S, 50P:50S, 75P:25S) after processing using a Cobalt-60 
irradiator.  
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UHT Processed 25P:75S Blend 
Temperature 
(
o
C) 
POD Activity (OD/min/g) 
100P 100S Observed 25P:75S Expected 25P:75S 
20 0.714a ± 1.25x10-2 0.494a ± 9.17x10-3 0.822a ± 1.00x10-3 0.549* ± 8.04x10-3 
80 0.630a ± 6.79x10-3 0.550ab ± 7.31x10-3 0.754b ± 3.34x10-4 0.570* ± 5.93x10-3 
110 0.589a ± 1.30x10-2 0.569b ± 4.36x10-3 0.773ab ± 6.91x10-3 0.574* ± 6.63x10-3 
135 0.639a ± 7.86x10-3 0.537ab ± 3.07x10-3 0.702c ± 7.22x10-3 0.562* ± 3.49x10-3 
Table 5.13.a. Observed vs. expected peroxidase (POD) activity (Optical Density (OD)/min/g) 
for papaya and strawberry nectar blend (25P:75S) after ultra high temperature processing for 1-3 
s.  Results given as average ± SE.  Values in each individual column with the same letters are not 
significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an 
asterisk are significantly different from observed values (α ≤ 0.05). 
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UHT Processed 50P:50S Blend 
Temperature 
(
o
C) 
POD Activity (OD/min/g) 
100P 100S Observed 50P:50S Expected 50P:50S 
20 0.714a ± 1.25x10-2 0.494a ± 9.17x10-3 0.839a ± 7.72x10-3 0.604* ± 9.51x10-3 
80 0.630a ± 6.79x10-3 0.550ab ± 7.31x10-3 0.801ab± 5.00x10-3 0.590* ± 5.82x10-3 
110 0.589a ± 1.30x10-2 0.569b ± 4.36x10-3 0.763ab ± 9.72x10-3 0.579* ± 9.28x10-3 
135 0.639a ± 7.86x10-3 0.537ab ± 3.07x10-3 0.752b ± 3.75x10-3 0.588* ± 5.46x10-3 
Table 5.13.b. Observed vs. expected peroxidase (POD) activity (Optical Density (OD)/min/g) 
for papaya and strawberry nectar blend (50P:50S) after ultra high temperature processing for 1-3 
s.  Results given as average ± SE.  Values in each individual column with the same letters are not 
significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an 
asterisk are significantly different from observed values (α ≤ 0.05). 
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UHT Processed 75P:25S Blend 
Temperature 
(
o
C) 
POD Activity (OD/min/g) 
100P 100S Observed 75P:25S Expected 75P:25S 
20 0.714a ± 1.25x10-2 0.494a ± 9.17x10-3 0.791a ± 7.68x10-3 0.659* ± 1.27x10-2 
80 0.630a ± 6.79x10-3 0.550ab ± 7.31x10-3 0.780a ± 1.46x10-2 0.610* ± 7.03x10-3 
110 0.589a ± 1.30x10-2 0.569b ± 4.36x10-3 0.856a ± 7.95x10-3 0.584* ± 1.31x10-2 
135 0.639a ± 7.86x10-3 0.537ab ± 3.07x10-3 0.711a ± 1.50x10-2 0.613 ± 7.90x10-3 
Table 5.13.c. Observed vs. expected peroxidase (POD) activity (Optical Density (OD)/min/g) 
for papaya and strawberry nectar blend (75P:25S) after ultra high temperature processing for 1-3 
s.  Results given as average ± SE.  Values in each individual column with the same letters are not 
significantly different (Tukey’s Studentized Range (HSD) and Scheffe’s Test (α ≤ 0.05)).  
Expected values with an asterisk are significantly different from observed values (α ≤ 0.05). 
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Irradiation Processed 25P:75S Blend 
Radiation 
Dose (kGy) 
POD Activity (OD/min/g) 
100P 100S Observed 25P:75S Expected 25P:75S 
0 0.340a ± 8.13 x 10-3 0.322a ± 1.53 x 10-2 0.347a ± 4.32 x 10-3 0.327 ± 5.81x10-3 
2.5 0.356ab ± 8.73 x 10-3 0.300a ± 1.26 x 10-2 0.308b ± 9.06 x 10-3 0.314 ± 4.85x10-3 
5 0.381ab ± 1.72 x 10-2 0.306a ± 4.36 x 10-3 0.309b ± 5.96 x 10-3 0.325* ± 2.70x10-3 
7.5 0.407b ± 1.42 x 10-2 0.323a ± 1.07 x 10-2 0.319ab ± 1.03 x 10-2 0.344* ± 4.39x10-3 
10 0.327a ± 1.39 x 10-2 0.318a ± 5.74 x 10-3 0.351a ± 8.91 x10-3 0.320* ± 2.76x10-3 
Table 5.14.a. Observed vs. expected peroxidase (POD) activity (Optical Density (OD)/min/g) 
for papaya and strawberry nectar blend (25P:75S) after processing using a Cobalt-60 irradiator.  
Results given as average ± SE.  Values in each individual column with the same letters are not 
significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an 
asterisk are significantly different from observed values (α ≤ 0.05). 
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Irradiation Processed 50P:50S Blend 
Radiation 
Dose (kGy) 
POD Activity (OD/min/g) 
100P 100S Observed 50P:50S Expected 50P:50S 
0 0.340a ± 8.13 x 10-3 0.322a ± 1.53 x 10-2 0.372a ± 2.20 x 10-2 0.331 ± 4.32x10-3 
2.5 0.356ab ± 8.73 x 10-3 0.300a ± 1.26 x 10-2 0.350ab± 1.97 x 10-2 0.328 ± 3.84x10-3 
5 0.381ab ± 1.72 x 10-2 0.306a ± 4.36 x 10-3 0.276bc ± 1.84 x 10-2 0.343* ± 4.43x10-3 
7.5 0.407b ± 1.42 x 10-2 0.323a ± 1.07 x 10-2 0.268c ± 4.51 x 10-3 0.365* ± 4.44x10-3 
10 0.327a ± 1.39 x 10-2 0.318a ± 5.74 x 10-3 0.394a ± 7.95 x10-3 0.322* ± 3.76x10-3 
Table 5.14.b. Observed vs. expected peroxidase (POD) activity (Optical Density (OD)/min/g) 
for papaya and strawberry nectar blend (50P:50S) after processing using a Cobalt-60 irradiator.  
Results given as average ± SE.  Values in each individual column with the same letters are not 
significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an 
asterisk are significantly different from observed values (α ≤ 0.05). 
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Irradiation Processed 75P:25S Blend 
Radiation 
Dose (kGy) 
POD Activity (OD/min/g) 
100P 100S Observed 75P:25S Expected 75P:25S 
0 0.340a ± 8.13 x 10-3 0.322a ± 1.53 x 10-2 0.411a ± 8.91 x 10-3 0.336* ± 3.60x10-3 
2.5 0.356ab ± 8.73 x 10-3 0.300a ± 1.26 x 10-2 0.375a± 6.22 x 10-3 0.342* ± 3.63x10-3 
5 0.381ab ± 1.72 x 10-2 0.306a ± 4.36 x 10-3 0.332a ± 2.14 x 10-2 0.362 ± 6.46x10-3 
7.5 0.407b ± 1.42 x 10-2 0.323a ± 1.07 x 10-2 0.353a± 3.23 x 10-2 0.386 ± 5.49x10-3 
10 0.327a ± 1.39 x 10-2 0.318a ± 5.74 x 10-3 0.398a ± 5.78 x10-3 0.325 ± 5.26x10-3 
Table 5.14.c. Observed vs. expected peroxidase (POD) activity (Optical Density (OD)/min/g) 
for papaya and strawberry nectar blend (75P:25S) after processing using a Cobalt-60 irradiator.  
Results given as average ± SE.  Values in each individual column with the same letters are not 
significantly different (Tukey’s Studentized Range (HSD) (α ≤ 0.05)).  Expected values with an 
asterisk are significantly different from observed values (α ≤ 0.05). 
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5.4. Figures 
 
 
Fig. 5.1.a. Observed vs. expected ascorbic acid concentration (mg/L) in papaya and strawberry 
nectar blend (25P:75S) after ultra high temperature processing for 1-3 s.  Results given as 
average ± SE. Observed values with an asterisk are significantly different from expected values 
(α ≤ 0.05). 
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Fig. 5.1.b. Observed vs. expected ascorbic acid concentration (mg/L) in papaya and strawberry 
nectar blend (50P:50S) after ultra high temperature processing for 1-3 s.  Results given as 
average ± SE.  Observed values with an asterisk are significantly different from expected values 
(α ≤ 0.05). 
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Fig. 5.1.c. Observed vs. expected ascorbic acid concentration (mg/L) in papaya and strawberry 
nectar blend (75P:25S) after ultra high temperature processing for 1-3 s.  Results given as 
average ± SE.  Observed values with an asterisk are significantly different from expected values 
(α ≤ 0.05). 
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Fig. 5.2.a. Observed vs. expected ascorbic acid concentration (mg/L) in papaya and strawberry 
nectar blend (25P:75S) after processing using a Cobalt-60 irradiator.  Results given as average ± 
SE.  Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.2.b. Observed vs. expected ascorbic acid concentration (mg/L) in papaya and strawberry 
nectar blend (50P:50S) after processing using a Cobalt-60 irradiator.  Results given as average ± 
SE.  Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.2.c. Observed vs. expected ascorbic acid concentration (mg/L) in papaya and strawberry 
nectar blend (75P:25S) after processing using a Cobalt-60 irradiator.  Results given as average ± 
SE.  Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.3.a. Observed vs. expected antioxidant capacity (ORAC) given as average µmol Trolox 
Equivalents/g ± SE for papaya and strawberry nectar blend (25P:75S) after ultra high 
temperature processing for 1-3 s.  Observed values with an asterisk are significantly different 
from expected values (α ≤ 0.05). 
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Fig. 5.3.b. Observed vs. expected antioxidant capacity (ORAC) given as average µmol Trolox 
Equivalents/g ± SE for papaya and strawberry nectar blend (50P:50S) after ultra high 
temperature processing for 1-3 s.  Observed values with an asterisk are significantly different 
from expected values (α ≤ 0.05). 
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Fig. 5.3.c. Observed vs. expected antioxidant capacity (ORAC) given as average µmol Trolox 
Equivalents/g ± SE for papaya and strawberry nectar blend (75P:25S) after ultra high 
temperature processing for 1-3 s.  Observed values with an asterisk are significantly different 
from expected values (α ≤ 0.05). 
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Fig. 5.4.a. Observed vs. expected antioxidant capacity (ORAC) given as average µmol Trolox 
Equivalents/g ± SE for papaya and strawberry nectar blend (25P:75S) after processing using a 
Cobalt-60 irradiator.  Observed values with an asterisk are significantly different from expected 
values (α ≤ 0.05). 
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Fig. 5.4.b. Observed vs. expected antioxidant capacity (ORAC) given as average µmol Trolox 
Equivalents/g ± SE for papaya and strawberry nectar blend (50P:50S) after processing using a 
Cobalt-60 irradiator.  Observed values with an asterisk are significantly different from expected 
values (α ≤ 0.05). 
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Fig. 5.4.c. Observed vs. expected antioxidant capacity (ORAC) given as average µmol Trolox 
Equivalents/g ± SE for papaya and strawberry nectar blend (75P:25S) after processing using a 
Cobalt-60 irradiator.  Observed values with an asterisk are significantly different from expected 
values (α ≤ 0.05). 
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Fig. 5.5.a. Observed vs. expected β-cryptoxanthin concentration given as average µg/100 g. ± SE 
for papaya and strawberry nectar blend (25P:75S) after ultra high temperature processing for 1-3 
s.  Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.5.b. Observed vs. expected β-cryptoxanthin concentration given as average µg/100 g. ± 
SE for papaya and strawberry nectar blend (50P:50S) after ultra high temperature processing for 
1-3 s.  Observed values with an asterisk are significantly different from expected values (α ≤ 
0.05). 
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Fig. 5.5.c. Observed vs. expected β-cryptoxanthin concentration given as average µg/100 g. ± SE 
for papaya and strawberry nectar blend (75P:25S) after ultra high temperature processing for 1-3 
s.  Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.6.a. Observed vs. expected β-cryptoxanthin concentration given as average µg/100 g. ± SE 
for papaya and strawberry nectar blend (25P:75S) after processing using a Cobalt-60 irradiator.  
Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.6.b. Observed vs. expected β-cryptoxanthin concentration given as average µg/100 g. ± 
SE for papaya and strawberry nectar blend (50P:50S) after processing using a Cobalt-60 
irradiator.  Observed values with an asterisk are significantly different from expected values (α ≤ 
0.05). 
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Fig. 5.6.c. Observed vs. expected β-cryptoxanthin concentration given as average µg/100 g. ± SE 
for papaya and strawberry nectar blend (75P:25S) after processing using a Cobalt-60 irradiator.  
Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.7.a. Observed vs. expected β-carotene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (25P:75S) after ultra high temperature processing for 1-3 s.  
Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.7.b. Observed vs. expected β-carotene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (50P:50S) after ultra high temperature processing for 1-3 s.  
Observed values with an asterisk are significantly different from expected values (α ≤ 0.05)). 
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Fig. 5.7.c. Observed vs. expected β-carotene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (75P:25S) after ultra high temperature processing for 1-3 s.  
Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.8.a. Observed vs. expected β-carotene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (25P:75S) after processing using a Cobalt-60 irradiator.  
Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.8.b. Observed vs. expected β-carotene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (50P:50S) after processing using a Cobalt-60 irradiator.  
Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.8.c. Observed vs. expected β-carotene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (75P:25S) after processing using a Cobalt-60 irradiator.  
Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.9.a. Observed vs. expected lycopene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (25P:75S) after ultra high temperature processing for 1-3 s.  
Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.9.b. Observed vs. expected lycopene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (50P:50S) after ultra high temperature processing for 1-3 s.  
Observed values with an asterisk are significantly different from expected values (α ≤ 0.05)). 
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Fig. 5.9.c. Observed vs. expected lycopene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (75P:25S) after ultra high temperature processing for 1-3 s.  
Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.10.a. Observed vs. expected lycopene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (25P:75S) after processing using a Cobalt-60 irradiator.  
Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.10.b. Observed vs. expected lycopene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (50P:50S) after processing using a Cobalt-60 irradiator.  
Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.10.c. Observed vs. expected lycopene concentration given as average µg/100 g. ± SE for 
papaya and strawberry nectar blend (75P:25S) after processing using a Cobalt-60 irradiator.  
Observed values with an asterisk are significantly different from expected values (α ≤ 0.05). 
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Fig. 5.11.a. Observed vs. expected pectinesterase activity (PME) given as (mEq NaOH/min/g) 
for papaya and strawberry nectar blend (25P:75S) after ultra high temperature processing for 1-3 
s.  Results given as average ± SE.  Observed values with an asterisk are significantly different 
from expected values (α ≤ 0.05). 
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Fig. 5.11.b. Observed vs. expected pectinesterase activity (PME) given as (mEq NaOH/min/g) 
for papaya and strawberry nectar blend (50P:50S) after ultra high temperature processing for 1-3 
s.  Results given as average ± SE.  Observed values with an asterisk are significantly different 
from expected values (α ≤ 0.05). 
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Fig. 5.11.c. Observed vs. expected pectinesterase activity (PME) given as (mEq NaOH/min/g) 
for papaya and strawberry nectar blend (75P:25S) after ultra high temperature processing for 1-3 
s.  Results given as average ± SE.  Observed values with an asterisk are significantly different 
from expected values (α ≤ 0.05). 
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Fig. 5.12.a. Observed vs. expected pectinesterase activity (PME) given as (mEq NaOH/min/g) 
for papaya and strawberry nectar blend (25P:75S) after processing using a Cobalt-60 irradiator.  
Results given as average ± SE.  Observed values with an asterisk are significantly different from 
expected values (α ≤ 0.05). 
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Fig. 5.12.b. Observed vs. expected pectinesterase activity (PME) given as (mEq NaOH/min/g) 
for papaya and strawberry nectar blend (50P:50S) after processing using a Cobalt-60 irradiator.  
Results given as average ± SE.  Observed values with an asterisk are significantly different from 
expected values (α ≤ 0.05). 
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Fig. 5.12.c. Observed vs. expected pectinesterase activity (PME) given as (mEq NaOH/min/g) 
for papaya and strawberry nectar blend (75P:25S) after processing using a Cobalt-60 irradiator.  
Results given as average ± SE.  Observed values with an asterisk are significantly different from 
expected values (α ≤ 0.05). 
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Fig. 5.13.a. Observed vs. expected peroxidase (POD) activity (Optical Density (OD)/min/g) for 
papaya and strawberry nectar blend (25P:75S) after ultra high temperature processing 1-3 s.  
Results given as average ± SE.  Observed values with an asterisk are significantly different from 
expected values (α ≤ 0.05). 
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Fig. 5.13.b. Observed vs. expected peroxidase (POD) activity (Optical Density (OD)/min/g) for 
papaya and strawberry nectar blend (50P:50S) after ultra high temperature processing for 1-3 s.  
Results given as average ± SE.  Observed values with an asterisk are significantly different from 
expected values (α ≤ 0.05). 
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Fig. 5.13.c. Observed vs. expected peroxidase (POD) activity (Optical Density (OD)/min/g) for 
papaya and strawberry nectar blend (75P:25S) after ultra high temperature processing for 1-3 s.  
Results given as average ± SE.  Observed values with an asterisk are significantly different from 
expected values (α ≤ 0.05). 
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Fig. 5.14.a. Observed vs. expected peroxidase (POD) activity (Optical Density (OD)/min/g) for 
papaya and strawberry nectar blend (25P:75S) after processing using a Cobalt-60 irradiator.  
Results given as average ± SE.  Observed values with an asterisk are significantly different from 
expected values (α ≤ 0.05). 
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Fig. 5.14.b. Observed vs. expected peroxidase (POD) activity (Optical Density (OD)/min/g) for 
papaya and strawberry nectar blend (50P:50S) after processing using a Cobalt-60 irradiator.  
Results given as average ± SE.  Observed values with an asterisk are significantly different from 
expected values (α ≤ 0.05). 
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Fig. 5.14.c. Observed vs. expected peroxidase (POD) activity (Optical Density (OD)/min/g) for 
papaya and strawberry nectar blend (75P:25`S) after processing using a Cobalt-60 irradiator.  
Results given as average ± SE.  Observed values with an asterisk are significantly different from 
expected values (α ≤ 0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 - 278 - 
 
Chapter VI - Conclusions and Future Research 
 
Traditional thermal processing resulted in the greatest reduction in ascorbic acid and 
carotenoid concentration, with moderate impact on antioxidant capacity.  UHT had moderate 
effects on ascorbic acid content and antioxidant capacity and experienced the greatest retention 
in carotenoid concentration.  When papaya and strawberry nectars were blended together, 
synergistic relationships for ascorbic acid occurred in all blends.  Similarly, synergistic 
relationships were observed for antioxidant capacity after UHT, with all blends resulting in an 
increase in antioxidant capacity.  Anergetic relationships were observed in nectar blends for β-
cryptoxanthin after UHT, whereas β-carotene concentration experienced anergetic and additive 
relationships after processing.  Lycopene concentration was best retained after UHT, with 
synergistic relationships occurring in the 25P:75S blend.  HPP had minimal impact on 
antioxidant capacity in strawberry nectar, but resulted in the greatest overall retention of ascorbic 
acid at 20
o
C.  Irradiation had moderate effects on ascorbic acid and carotenoid concentration, 
with the greatest overall increase in antioxidant capacity.  Both anergetic and additive 
relationships for ascorbic acid were observed in papaya and strawberry nectar blends after 
irradiation, with anergetic, additive, and synergistic relationships for antioxidant capacity.  
Synergistic relationships for β-cryptoxanthin occurred after irradiation, making this technique 
optimal.  β-carotene concentration experienced anergetic and additive relationships after 
irradiation, whereas synergistic relationships for lycopene were observed in the 25P:75S blend.     
Across all processing techniques, for nearly all carotenoids, as treatment intensity 
increased, carotenoid concentration decreased, significantly at times, followed by a release of 
carotenoids from the fruit matrix at the highest treatment levels examined.  The reason for this is 
linked to fruit structure softening.  Carotenoid concentration was negatively impacted at 
moderate treatment levels, but as treatment intensity increased, changes to cellular structure 
occurred, releasing carotenoids which were previously undetected; explaining increase in 
carotenoid concentration as well as upward trends in antioxidant capacity observed at elevated 
treatment levels.  Fruit structure softening’s correlation with observed increase in carotenoid 
concentration and upward trend in antioxidant capacity was confirmed through TEM imaging of 
papaya and strawberry pulp structure.    
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Traditional thermal and UHT processing were able to sufficiently reduce PME activity 
and prevent gel formation in papaya nectar when processed at 110
o
C for 5 minutes and 110
o
C for 
1-3 seconds, respectively.   PME reduction in nectar blends was enhanced by anergetic 
relationships after UHT at 80
o
C.  The 25P:75S blend was able to prevent gel formation without 
processing due to dilution of the papaya nectar.  Irradiation was unable to prevent gel formation 
in papaya nectar.  The 50P:50S blend processed at 10 kGy, however, was the only blend to allow 
irradiative prevention of gel formation.  UHT was the only technique resulting in an increase in 
POD activity.  This increase, coupled with synergistic relationships makes UHT undesirable for 
POD inactivation in strawberry nectar.  HPP of strawberry nectar at elevated temperatures and 
pressures had similar reductions in POD activity as irradiation at 5 kGy.  Anergetic relationships 
for POD activity in nectar blends after irradiation resulted in enhanced reduction in POD 
activity.  Processing strawberry for 2 minutes at all temperatures examined results in similar, but 
slightly greater reductions in POD activity than either HPP or irradiation.   
Overall, findings suggests that novel thermal and non-thermal techniques result in 
enhanced nutrient retention and antioxidant capacity in papaya and strawberry nectars compared 
to traditional thermal processing.  For both PME and POD, traditional thermal processing was 
most effective at inactivation, with UHT sufficiently reducing PME activity in papaya nectar and 
both HPP and irradiation reducing POD activity in strawberry nectar, similarly to traditional 
thermal processing at low temperatures.  Blending of papaya and strawberry nectars mainly 
resulted in desirable synergistic nutrient retention and antioxidant capacity increase, and 
anergetic reduction in enzymatic activity; optimal processing was specific to each parameter 
examined. 
Future research should continue to explore the effects of different processing techniques 
on fruit structure in conjunction with both shelf life and benefits to human health.  Softening of 
fruit structure resulted in the ability to detect nutrients and antioxidants which were previously 
trapped within the fruit matrix.  The susceptibility of these released nutrients and antioxidants to 
extrinsic environmental factors associated with long-term storage is essential to developing a 
shelf stable and commercially available product, and should be investigated further.  
Interestingly, carotenoid concentration initially decreased as processing intensity increased, as 
predicted, but at a critical point, near the highest treatment levels examined, release of 
carotenoids from the fruit matrix occurred.  Increasing treatment levels beyond those examined 
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here, would allow for determination of maximal concentration, and the recurrence of carotenoid 
decay.  Trends observed from extended processing would allow for tailoring of processing and 
subsequent determination of optimal processing parameters.  This increase in carotenoid 
concentration and resulting upward trend in antioxidant capacity is only relevant if they translate 
into enhancing human health.  Determining the bioavailability and bioactivity of nutrients before 
and after processing at each treatment level would shed light on their ability to impact human 
health.  Several synergistic relationships for nutrients and antioxidants as well as anergetic 
inactivations of enzyme activity in nectar blends were observed after both thermal and non-
thermal processing, but the mechanism behind these relationships was not determined.  By 
understanding the interactions which are taking place, optimal blend ratios and processing 
conditions could be developed.  Each processing technique had strengths and weaknesses in 
terms of nutrient retention or enzyme inactivation, but not one processing technique on its own 
was optimal for all parameters examined.  Combining different techniques, like application of 
heat to irradiation or high pressure with irradiation could result in a final processed product with 
higher nutrient retention and enhanced reduction of deleterious enzyme activity.  As 
demonstrated, this research provides an in depth look into novel thermal and non-thermal 
processing techniques effect on papaya and strawberry nectars, as well as the relationships that 
exist within their respective blends.  This understanding provides a firm foundation as well as 
encourages continued research into preserving highly nutritious papaya and strawberry fruits 
through novel processing; making them more widely available to consumers worldwide.     
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Appendix A - Detailed Protocols 
 
Ascorbic Acid by HPLC 
 
Reagents 
 
• 4.2 mM dithiothreitol (DTT, 154.2 g/mol) in 0.1 M K2HPO4 (228.23 g/mol), pH 7.0:   
 Add 0.06476 g DTT and 2.2823 g K2HPO4 to 100 ml ddH2O. Add acid or base to pH 7.0 
• 4.5% m-phosphoric acid:  
  Add 4.5 g m-phosphoric acid to 100 ml ddH2O 
• Ascorbate solution:   
Add 0.015 g AA (instead of 0.075 g) up to 100 ml (instead of 50 ml) ddH2O (makes 
twice the fruit concentration, inject 10 µl, 20 µl, and 30 µl (instead of 10 µl, 50 µl, 100 
µl) to create a standard curve) 
 
Fruit Extraction 
 
1) Dilute 0.5 g of pulp to 1.0 ml with the above dithiothreitol solution (4.2 mM in 0.1 M 
K2HPO4, pH 7.0) and vortex.  
2) Take 0.5 ml of the mixture in the previous step and mix with 0.5 ml of 4.5% m-
phosphoric acid (from above) in new Eppendorf tube. 
3) Mix, then filter via 0.45 µm spin filter. 
4) Transferred to an Eppendorf tube and manually inject onto the HPLC.  The column 
utilized is a Waters Xterra.   
 
Note:  The 0.1% H3PO4 solution (below) was used rather than 50 mM K2HPO4 (pH 4.5) 
for simplicity and to reduce interference due to potassium and other cations, which can 
interfere with the results. 
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Solvent Preparation & Gradient 
 
• Solvent A: 0.1% H3PO4 
• Solvent B: 100% methanol  
• At a flow rate of 0.8 ml/min, the elution program follows a linear gradient from 0-30% B 
over 8 min, drops back to 0% B in 3 min and holds for six min. Peak detection is at 240 
nm. 
 
Ascorbic Acid by Titration (AOAC Method) 
 
Reagents 
 
• Metaphosphoric Acid, Acetic Acid Solution (Extraction):  
 Dissolve, with shaking (or stir plate), 15 g HPO3 pellets in 40 ml HOAc and 200 mL 
ddH2O; dilute to 500 ml and filter rapidly through fluted paper into g-s bottle.  (HPO3 
slowly changes to H3PO4, but if stored in the refrigerator solution remains satisfactory 
for 7-10 days).   
• Ascorbic Acid Standard Solution (1 mg/ml): 
Accurately weigh 50 mg Ascorbic Acid that has been stored in desicator away from 
direct sunlight.  Transfer to 50 ml volumetric flask.  Dilute to volume immediately 
before use with HPO3-HOAc solution.   
• Indophenol Standard Solution:   
Dissolve 50 mg 2,6-dichloroindophenol Na salt (that has been stored in desicator over 
soda lime)  in 50 ml ddH2O to which 42 mg NaHCO3 has been added; shake vigorously, 
and when dye dissolves dilute to 200 ml with ddH2O.  Filter through fluted paper into 
amber g-s bottle.  Keep stoppered, out of direct sunlight, and store in refrigerator.   
• 20 ml fruit pulp 
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Standardizing Indophenol 
 
1) Transfer three 2.0 ml aliquots of ascorbic acid solution to each of three Erlenmeyer’s 
containing 5.0 ml HPO3-HOAc solution.   
2) Titrate rapidly with Indophenol solution from 50 ml buret until light but distinct rose pink 
persists for > 5 s (Should take approximately 15 ml Indophenol). 
3) Similarly, titrate three blanks containing 7.0 ml HPO3-HOAc solution. 
4) Subtract the average blanks (usually 0.1 ml) from standards. 
5) Calculate and express concentration of Indophenol solution as mg ascorbic acid 
equivalent to 1.0 ml reagent.   
 
Preparation of Sample 
 
1) Shake 20 ml of fruit pulp to ensure a consistent sample. 
2) Vacuum filter through fluted paper (Whatman No. 1) into a 500 ml side arm flask.  
Should yield 10 ml filtrate.  Record weight of 10 ml filtrate.       
3) Add an equivalent amount (10 ml) of HPO3-Ac solution.   
4) Swirl gently, then vortex for 30 s.   
 
Sample Ascorbic Acid Determination 
 
1) Titrate three blanks containing 7 ml HPO3-Ac.  Use this to correct Indophenol solution 
used to titrate samples (Usually 0.1 ml).  The average of the blanks above can also be 
used to conserve solvents. 
2) Into three 50 ml beakers add 2 ml of fruit extract and fill to 7 ml using HPO3-Ac 
(identical volume as blanks and Indophenol standardization).   
3) Titrate each sample until a distinct rose pink color persists for > 5 s. 
4) Calculate mg AA/L    
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Ascorbic Acid by Titration (Revised Method) 
 
Reagents 
 
• Metaphosphoric Acid, Acetic Acid Solution (Extraction):   
Dissolve, with shaking (or stir plate), 15 g. HPO3 pellets in 40 ml HOAc and 200 ml 
ddH2O; dilute to 500 ml and filter rapidly through fluted paper into g-s bottle.  (HPO3 
slowly changes to H3PO4, but if stored in the refrigerator solution remains satisfactory 
for 7-10 days).   
• Ascorbic Acid Standard Solution (1 mg/ml):   
Accurately weigh 50 mg Ascorbic Acid that has been stored in desicator away from 
direct sunlight.  Transfer to 50 ml volumetric flask.  Dilute to volume immediately 
before use with HPO3-HOAc solution.   
• Indophenol Standard Solution:   
Dissolve 50 mg 2,6-dichloroindophenol Na salt that has been stored in desicator over 
soda lime, in 50 ml ddH2O to which has been added 42 mg NaHCO3; shake vigorously, 
and when dye dissolves dilute to 200 ml with ddH2O.  Filter through fluted paper into 
amber g-s bottle.  Keep stoppered, and out of direct sunlight and store in refrigerator.   
• 10 ml fruit pulp 
 
Standardizing Indophenol 
 
1) Transfer three 2.0 ml aliquots of ascorbic acid solution to each of three Erlenmeyer’s 
containing 5.0 ml HPO3-HOAc solution.   
2) Titrate rapidly with Indophenol solution from 50 ml buret until light but distinct rose pink 
persists for > 5 s  (should take approximately 15 ml Indophenol). 
3) Similarly titrate three blanks containing 7.0 ml HPO3-HOAc solution. 
4) Subtract the average blanks (usually 0.1 ml) from standards 
5) Calculate and express concentration of Indophenol solution as mg ascorbic acid 
equivalent to 1 ml reagent.   
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Preparation of Sample 
 
1) Shake 10 ml of fruit pulp to ensure a consistent sample. 
2) Into two 15 ml glass test tubes accurately measure 5 ml of fruit pulp into each tube.  
Record weight of pulp in each tube.     
3) Add an equivalent volume (5 ml) of HPO3-Ac solution to each tube.   
4) Swirl gently, then vortex for 30 s, let stand for 3 min at room temperature, then vortex 
again for 30 s.  
5) Place tubes into centrifuge and spin at 1,250xg for 10 min. 
6) Remove supernatant and use to determine sample ascorbic acid as below.    
 
Sample Ascorbic Acid Determination 
 
1) Titrate three blanks containing 7 ml HPO3-Ac.  Use this to correct Indophenol solution 
used to titrate samples (usually 0.1 ml).  The average of the blanks above can also be 
used to conserve solvents. 
2) Into three 50 ml beakers, add 2 ml of fruit extract (supernatant) and fill to 7 ml using 
HPO3-Ac (identical volume as blanks and Indophenol standardization).   
3) Titrate each sample until a distinct rose pink color persists for > 5 s. 
4) Calculate mg AA/L.   
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Oxygen Radical Absorbance Capacity (ORAC) 
 
Reagents 
 
•  75 mM phosphate buffer (PB), pH 7: 
Add 3.7152 g KH2PO4 and 10.8637 g K2HPO4 and make to ~1 L with ddH2O, check pH 
• AWA: 
Acetone:Water: Acetic Acid (70:29.5:0.5), make 1 L 
• 0.4 mM Trolox (250.29 g/mol) initial [ ] 
Add 0.010 g Trolox to 100 ml AWA in a dark container. Stir with stir bar until 
dissolved. Divide into 1.5 ml Eppendorf tubes and store at –80°C (stable for 1 month). 
Make daily from stock solution: 
80 μM = Add 1 ml Trolox solution and fill to 5 ml with AWA. 
• 70.3 nM Fluorescein (FL) (376.28 g/mol) final [ ]: 
Add 0.0225 g FL to 50 ml dark flask and fill with PB (aliquot and store at –80°C) 
For use: 
 Dilute 2.45 μl of concentrated stock to 50 ml with PB, avoiding light exposure. 
• 12 mM AAPH (271.17 g/mol) final [ ]: 
Add 0.10848 g AAPH up to 10 ml PB immediately before each run, so that it is as fresh 
as possible. 
 
Fruit Extraction 
 
1) Thaw frozen fruit pulp samples. 
2) Weigh 1 g of the slurry into a 15 ml orange capped (tolerant to acetone) –plastic screw 
cap tube.  
3) Add 10 ml AWA to each tube. 
4) Vortex for 30 s. 
5) Sonicate at 37ºC (run hot tap water into the sonicator; rinse with deionized water when 
finished to avoid Ca deposits) for 5 min. Shake tubes twice during sonication to suspend 
samples. 
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6) Keep at room temperature 5 min, vortex for 30 s, then 5 more min at room temperature. 
7) Centrifuge at 1,250xg for 10 min and remove supernatant to a 25 ml screw cap tube. 
8) Repeat steps 3-7 for a second extraction of the pulp. 
9) Add AWA to the 25 ml tube for a final volume of 20 ml. 
10) Separate into 1.5 ml Eppendorf tubes (1.0 ml each) and store at –80°C.   
11) Before use thaw, then dilute as necessary to fit into the standard curve (1-4 µm Trolox), a 
~1:5 dilution in AWA for papaya and ~1:20 dilution for strawberry.   
 
Procedure for Setting up Plate 
 
Note:  Temperature control is essential in using the fluorimeter, so follow procedure carefully.   
 
1) Preheat BioTek FL600 (BioTek Inc., VT) fluorimeter to 37°C for ~30 min. before 
beginning analysis by putting an empty 96-well black side, clear bottom plate into the 
fluorimeter with the cover on so it is warmed as well. 
2) Protocol:  
• FL 96 well plate.PRT 
• Emission wavelength: 515 nm (530/25), excitation wavelength: 493 nm (485/15) 
• Shake plate for 3 s at intensity 3 before each reading 
• Read every minute for 80 min or until the fluorescein activity is less than 5% its 
original starting fluorescence   
• Sensitivity set at 114 
3) Preheat FL (in buffer) and buffer for AAPH (to add just before run begins) for 30 min. to 
~42°C in a water bath (allows for some cooling during transport and while wells are 
filled).  
4) Add 120 μl FL to each of the wells needed on the plate.  
5) Set up as in the table below.  Always make sure the blanks, standards and samples are all 
prepared in the same solvent, in this case AWA. 
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 Μl μl μl μl μl μl  
Standard 
well # 
1 2 3 4 5   
Setup Blank Trolox 1 
[1 μm] 
Trolox 2 
[2 μm] 
Trolox 3 
[3 μm] 
Trolox 4 
[4 μm] 
Repeat  
1-5 in 
reverse 
order 
Center 
horizontally 
AWA 20 17.5 15 12.5 10   
Trolox (80 
μm) 
0 2.5 5 7.5 10   
Sample 
well # 
1 2 3 4 5 6  
Setup Blank Trolox 1 
[1 μm] 
Sample 
1 
Sample 
2 
Sample 
3 
Sample 
4 
Repeat 1-6 
in reverse 
order 
AWA 20 17.5 0 0 0 0 rpt 
Trolox (80 
μm) 
0 2.5 0 0 0 0 rpt 
Sample 0 0 20 20 20 20 rpt 
 Table A.1.  Well concentration set up 
 
6) Place the prepared plate, with the cover on, into the fluorimeter for 15 min to warm the 
wells up to 37°C.  
7) During the 15 min, re-warm the buffer which will be used to prepare the AAPH on a hot 
plate until the glass is almost hot to touch (or just bring a thermometer and heat back to 
37°C).  
8) Just before the time has elapsed, add the buffer to the weighed AAPH pellets and mix (It 
may take a few min for pellets to dissolve).   
9) Remove the plate and set the program to begin the run.  
10) Add 60 μl AAPH to each of the wells using two multi-channel pipetters, re-cover the 
plate and start the reading as quickly as possible. 
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M M 1 2 3 4 4 3 2 1 M M 
M 1 A B C D D C B A 1 M 
M 1 B C D A A D C B 1 M 
M 1 C D A B B A D C 1 M 
M 1 D A B C C B A D 1 M 
Table A.2.  Quick reference for filling wells.  M: blank, 1-4: [Trolox], A-D:  samples 1-4 
 
Data Collection and Statistics 
 
1) Save the data using save as, then use the export function to save the data as a *.txt file 
(semicolon delimited) for the entire plate or row of interest. 
2) Selecting the 485/530 row, clicking on ‘table’ and entering in the rows you measured.  
3) Then click ‘Add>” and ‘OK’ to save. 
4) This can then be opened in Excel, selecting semicolon-delimited type. Use a previously 
prepared Excel spreadsheet to copy the data and transform it to be blank normalized and 
relative data.  
5) To create the Excel spreadsheet, use the following guidelines: Create an average of the 
blanks and a series of columns for each Trolox and sample column with 1 at the top 
followed by averages of every two raw values relative to 1. For example, the formula for 
the third value of the blank column would be: 
((((B5+M5)/2)/(($B$4+$M$4)/2))+(((B6+M6)/2)/(($B$4+$M$4)/2)))/2 (the first value is 
1, and the second substitutes ‘B4+M4’ instead of ‘B5+M5’ in the above formula (the rest 
stays the same); raw data begins at B4 and M4 going down the columns). For a Trolox or 
sample column, the third value calculation is simpler: (C5/$C$4+C6/$C$4)/2 (the first is 
1 and the second is C4 instead of C5) 
6) Sum each of the calculated relative data points in each column to obtain a raw area under 
the curve (AUC). 
7) Calculate ORAC values using the formula: sample net AUC (Y) = aX + b, where a and b 
are the slope and intercept of the Trolox standard curve run on the same plate. Solve for 
X, then multiply by the dilution factor. Fruit ORAC values are expressed as μmol Trolox 
Equivalents/g of fruit. Multiply by 10 for the final dilution, by 5, 10, 20, or 40 (or other 
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value) for the sample dilution, by 0.02 for the initial extraction (20 ml per gram fruit). 
This gives you µmol Trolox equivalents per gram of fruit. 
8) If the internal standard for a row is different than the Trolox 1µm values in the standard 
curve row, then you will need to make a ratio adjustment to all the values in that row so 
they are relative to the standard curve row. 
9) Statistics: Simply report the average +/- SD or SE of the number of replicates, and use t-
tests or analysis of variance to determine significance. Duplicates within a row are 
averaged and only count as one replicate. Repeat the complete extraction and analysis at 
least three times for accurate results. 
 
List of Supplies 
 
• White multi-pipettor 
• Black (red tips) multi-pipettor 
• 20 µl pipetteman 
• Box of 100 µl/1 ml tips 
• 50 ml fluorescein solution 
• 10 ml container with AAPH pellets 
• 5 ml Trolox solution 
• 5 ml sample solution  
• Bottle of 75 mM PB 
• Bottle of AWA 
• Trays for pouring AAPH, fluorescein, AWA and sample 
• Plate cover 
• Pasteur pipette and bulb 
• Waste container  
• Pen and notebook with layout of plate 
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HPLC Carotenoids 
 
HPLC Mobile Phase Prep: 
 
Reagents 
 
Note:  HPLC solvents are subject to oxidative degradation over time when exposed to oxygen.  
Verify the date of receipt and date opened on the bottle label.  Use opened solvents within six 
months to one year.   
 
• Methanol, HPLC grade, Fisher #A452-4 or equivalent 
• Methyl-tert-butyl ether (MTBE), Fisher #E127-4 or equivalent 
• Ammonium acetate, Fluka #17836 
• Water, HPLC grade, Burdick &Jackson #365-4 or equivalent 
 
Supplies 
 
• Membrane filters, nylon, 47 mm diameter, 0.22 µm pore size, Millipore #GNWPO4700 or 
equivalent 
• pH paper range below 7.0, or meter 
 
Procedure 
 
1) Prepare an aqueous solution of 1.5% ammonium acetate using HPLC grade water, (0.75 g 
in 50 ml), dissolving acetate at ambient temperature.  Store at ambient temperature. 
2) Wearing gloves and eye protection, work in fume hood.  Use a 1 L graduated mixing 
cylinder to prepare mobile phase A & B as below. 
a. Mobile Phase A:  83:15:2 
• 830 ml Methanol 
• 150 ml MTBE 
• 20 ml Ammonium acetate 
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Cap cylinder, mix well; adjust pH to less than 7.0 using glacial acetic acid; mix 
well.  Filter through 0.2 µm unit with vacuum; Transfer to metal bottle and store 
in metal cabinet when not in use. 
 
b. Mobile Phase B:  8:90:2 
• 80 ml Methanol 
• 900 ml MTBE 
• 20 ml Ammonium acetate 
Mix and prepare as for A above 
 
Note:  Remember to degas mobile phases before use.  You must degas each day you use.  The 
solution is stable for about two weeks at ambient temperature.  Discard older solvents in Nalge 
HPLC carboys for non-chlorinated organic waste; let empty glass bottle dry under fume hood. 
 
Protocol for Carotenoid Extraction: 
 
Preliminary Steps   
 
1) Thaw fruit samples in the refrigerator.  
2) Chill extraction solvents 2 hr prior to use. 
3) Turn on savant, empty collection bottle and replace with new bottle 1x/day, label when 
replaced.  Set drying rate to “low” and “vapornet cryopumping.”  Turn “on” and allow to 
warm up for 30 min. 
4) Set centrifuge to 4oC and close lid firmly to start refrigeration.  
5) Fill the ice chest. 
6) Prepare extraction solvent:  EtOH:Hexane (1:1 v/v) + 0.1% BHT.  Add fresh BHT daily. 
7) Label capped test tubes 
 
Note:  0.5 g of sample has been used. 
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Sample Preparation 
 
1) Weigh samples:  1 g and 0.5 g of fruit puree (3 of each) 
2) Add 8 ml EtOH:Hexane to 1 g sample and 4 ml EtOH:Hexane to 0.5 g samples (or 2 ml 
to 0.25 g sample) 
3) Vortex 15 s and centrifuge for 12 min (1,250xg) 
4) Collect supernatant in a separate test tube 
5) Repeat steps 2-4 two more times 
6) Pool all respective fractions 
7) Dry down collected EtOH:Hexane in the savant for 30 min (until dryness) 
8) To the newly concentrated EtOH:Hexane mixtures add 3 ml Hexane and 2.5 ml DIW to 
the 1 g sample and 1.5 ml Hexane and 1.25 ml DIW to the 0.5 g sample.  (0.75 m. 
Hexane, 0.625 ml DIW, 0.25 g sample) 
9) Vortex 15 s and spin for 10 min 
10) A water wash may be necessary, then spin in savant to dryness (~45 min) 
 
With Saponification 
 
1) Redissolve carotenoids in 10 ml pet ether for saponification 
2) Add 10 ml 10% methanolic KOH (10 g KOH in 100 ml MeOH) 
3) Leave overnight (~16 hr) in the dark at room temperature  
 
Without Saponification 
 
1) Transfer carotenoids from glass tube to eppendorff tube with 400 µl Hexane 2 times 
2) Vortex, then filter through 0.2 µm 5 ml syringe filter into new eppendorff 
3) Clean syringe with 400 µl Hexane then add to sample   
 
HPLC and Gradient  
Samples were dried under nitrogen and stored at -80
o
C until reconstituted in hexane and 
injected onto a YMC Carotenoid 3µm, 4.6 x150 mm Column (Waters, Milford, MA) using a 
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Waters 2695 separations module (Alliance, Milford, MA) with a Hewlett Packard Series 1050 
detector using ChemStation LC3D software (Gilent ChemStation LC3D, Agilent Technologies, 
Santa Clara, CA).   
At a flow rate of 1.0 ml/min, the elution program followed a linear gradient beginning at 
90% A and 10% B and was held 5 min, then transitioned to 55%A and 45% B over 12 min, then 
to 5% A and 95% B over 12 min and was held 5 min.  Finally, solvent returned to 90% A and 
10% B over 2 min.  Sample concentrations were derived using a standard curve of known 
concentrations of ß -Cryptoxanthin, ß -Carotene, type 1 and Lycopene, from tomato.  Final 
concentrations were adjusted based on retention of internal standard, ß-Apo-8'-carotenal, trans. 
All samples were run in triplicate. 
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Pectin Methylesterase Activity 
 
Reagents 
 
• 100 ml of 1.7 M NaCl:  
Add 10 g of NaCl and bring up to 100 ml ddH2O 
• 500 ml of 1% pectin 
 Add 5 g citrus pectin (≥74% pectin) to 500 ml ddH2O (may need to heat solution and use 
Polytron to completely dissolve pectin into ddH2O) 
• 100 ml of 0.02 M NaOH: 
  Dilute 5 M NaOH by adding 0.4 ml 5 M NaOH to 99.6 ml ddH2O 
• Fruit puree 
 
Procedure 
 
1)  Add 8 ml of 1.7 M NaCl to 2.0 g fruit puree (previously diluted to 8 or 6ºBrix) and mix. 
2)  In a separate 100 ml beaker, add 40 ml 1% pectin solution. 
3)  Calibrate pH meter and then add the calibrated pH meter to the pectin solution. 
4)  Adjust pH of the pectin solution to 7.5.  One drop of 5 M NaOH may speed up this initial 
adjustment. 
5)  Add a stir bar to pectin solution and place in a glassware dish filled with water. 
6) Place heating coil and its thermometer into glassware dish and adjust heat to 30°C.  Place 
glassware dish with heating coil and pectin solution onto stir plate.   
7) Add 10 ml NaCl and fruit from step 1.  This will create a final NaCl concentration of 0.2 
M, which is optimal for PME activity. 
8) Quickly adjust pH of pectin solution back to 7.5 by adding small increments of 0.02 M 
NaOH.  
9) Keep pectin solution in a constant temperature bath at 30°C. 
10) Choose a time (7 min) and record how much volume of NaOH was added to maintain the 
pH at 7.5. 
11) Repeat 3 times if added volumes are consistent, otherwise add a 4th measurement. 
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Data Collection 
 
1)  Record volumes of NaOH added divided by the time period, and then average the 3 
repeats for each sample. 
2)  Milliequivalents are equal to millimoles for monovalent ions. Therefore, in this setup, 
calculate mmoles of NaOH added divided by min divided by actual grams of fruit added 
(make a correction for original dilution) for a reported mEq/min/g fruit). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 - 323 - 
 
Peroxidase Activity 
 
Reagents: 
 
• Sodium phosphate buffer (NaH2PO4; mw 120g):  
a) 0.2M: 0.0193 g/L of monosodium phosphate, 0.0162 g/L of disodium phosphate. 
b) 0.05M: 0.0048 g/L of monosodium phosphate, 0.004 g/L of disodium phosphate. 
Ensure both solutions are at pH 6.5 with pH meter. 
• Extraction solution: 
Weigh 4.0 g (4%) of PVPP (poly-vinyl-poly-pyrolidone).  Measure 1.0 ml (1%) of Titron 
X-100. Transfer 4.0 g of PVPP to 125 ml Erlenmeyer flask and dilute with approximately 
70 ml of 0.2 M sodium phosphate buffer. Heat and stir the solution until PVPP is fully 
dissolved. When fully dissolved, pour 1.0 ml of Titron into the flask and stir. Transfer 
solution into the 100 ml volumetric flask and bring it up to 100 ml using 0.2 M sodium 
phosphate buffer. 
 
Extraction of Sample: 
 
1) Weigh 10g of fruit pulp. 
2) Mix with 20 ml of extraction solution in 50 ml Erlenmeyer flask.  
3) Homogenize at 4oC (plastic beaker with ice was used) for about 1 min 30 s (3 min 
decreased to half in order to prevent damaging protein) using poly-tron. 
4) Centrifuged at 1,250xg at 4oC for 40 min. 
5) Collect supernatant and centrifuge more if not clear enough using smaller centrifuge for 1 
min. 
 
POD assay: 
1) Mix 500 µl sample solution, with 1 ml 0.05M phosphate buffer. 
2) Add 1 ml 1% p-phenylenediamine in 0.05M phosphate buffer solution, and 500 µl 1.5% 
hydrogen peroxide. 
3) Measure absorbance for 10 min at 485nm. Results given as OD/min/g. 
